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Abstract 
This thesis investigated the high temperature thermoelectric properties of ZnO based 
materials. The investigation first focused on the doping mechanisms of Al-doped ZnO, and then 
the influence of spark plasma sintering conditions on the thermoelectric properties of Al, Ga-
dually doped ZnO. Following that, the nanostructuring effect for Al-doped ZnO was 
systematically investigated using samples with different microstructure morphologies. At last, 
the newly developed ZnCdO materials with superior thermoelectric properties and thermal 
stability were introduced as promising substitutions for conventional ZnO materials. 
For Al-doped ZnO, α- and γ-Al2O3 were selectively used as dopants in order to understand 
the doping mechanism of each phase and their effects on the thermoelectric properties. The 
samples were prepared by the spark plasma sintering technique from precursors calcined at 
various temperatures. Clear correlations between the initial crystallographic phase of the dopants 
and the thermoelectric properties of the resulting Al-doped ZnO were observed. 
For Al, Ga-dually doped ZnO, the spark plasma sintering conditions together with the 
microstructural evolution and thermoelectric properties of the samples were investigated in detail. 
A proposed solid-state-reaction model suggested that a sintering temperature above 1223K 
would be preferable in order to achieve phase equilibrium in the samples. The sintering 
mechanism of the ZnO particles and microstructural evolutions at different sintering 
temperatures were investigated by the simulation of the self-Joule-heating effect of the individual 
particles. 
The effects of nanostructuring in Al-doped ZnO were systematically investigated using 
samples with different microstructural morphologies. The samples with preferentially oriented 
grains exhibited anisotropic thermoelectric properties. The measured zT values along the 
preferred orientation directions were found to be higher than those along the other direction. The 
sample consolidated from nanoparticles exhibited fine grains and widely distributed 
nanoprecipitates, resulting in a zT value of 0.3 at 1223 K due to the lower thermal conductivity 
resulting from nanostructuring. Using the simple parabolic band model and the Debye-Callaway 
thermal transport model, the anisotropic properties of the nanostructured samples were 
elucidated and the influence of the grain size and nanoprecipitates on the electron and phonon 
transport was analyzed and discussed in detail. 
In order to solve the problems of high thermal conductivity without the deterioration of 
electrical conductivity by nanostructuring for conventional ZnO materials, the doped ZnCdO 
material was proposed as a new n-type oxide thermoelectric material. The material is sintered in 
air in order to maintain the oxygen stoichiometry and avoid the stability issues. The successful 
alloying of CdO with ZnO at a molar ratio of 1:9 resulted in a significant reduction of thermal 
conductivity up to 7-fold at room temperature. By careful selection of the dopants and dopant 
concentrations, a large power factor was obtainable. The sample with the composition of 
Zn0.9Cd0.1Sc0.01O obtained the highest zT 0.3 @1173 K, ~0.24 @1073K, and a good average zT 
which is better than the state-of-the-art n-type thermoelectric oxide materials. Meanwhile, Sc-
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doped ZnCdO is robust in air at high temperatures, while other n-type materials such as Al, Ga-
doped ZnO will experience rapid degradation on thermoelectric performances. The 
thermoelectric properties of a series of samples with varied concentrations of Cd, Sc, and some 
other dopants are investigated and discussed in detail. 
  
 IV 
 
Referat 
 (Abstract in Danish) 
 
Denne afhandling undersøger termoelektriske egenskaber af ZnO-baserede materialer ved 
høje temperaturer. Undersøgelsen er først fokuseret på doteringsmekanismen af Al-doteret ZnO 
og indflydelsen af betingelserne for spark plasma sintering på de termoelektriske egenskaber af 
ZnO doteret med både Al og Ga. Efterfølgende bliver effekten af at nanostrukturere Al-doteret 
ZnO systematisk undersøgt ved at udnytte prøver med forskellige mikroskopiske morfologier. 
Til sidst bliver det nyudviklede ZnCdO materiale med fremragende termoelektriske egenskaber 
og termisk stabilitet introduceret som en lovende substitut til konventionelle ZnO materialer. 
α- and γ-Al2O3 blev udvalgt som doteringsmateriale for Al-doteret ZnO for at forstår doping 
effekten og dens mekanisme. Prøverne er forberedt med teknikken spark plasma sintering fra 
precursorer calcineret ved forskellige temperaturer. En klar korrelation mellem doteringen og de 
termoelektriske egenskaber blev observeret. 
For ZnO doteret med både Al og Ga er betingelserne for spark plasma sintering undersøgt 
sammen med mikrostrukturen og de termoelektriske egenskaber af prøverne. En model af 
faststofsreaktionen tyder på, at sintering ved temperaturer over 1223K vil være at foretrække mht. 
faseligevægt i prøverne. Sinteringsmekanismen  for ZnO-partikler og udviklingen af 
mikrostrukturen ved forskellige sintering-temperaturer blev undersøgt ved at simulere effekten af 
selv-Joule-opvarmning af de individuelle partikler. 
Effekten af nanostrukturering for Al-doteret ZnO var systematisk undersøgt med prøver med 
forskellige mikroskopiske morfologier. Prøver, hvor korn havde en fortrukken orientering, 
udviste anisotropi i de termoelektriske egenskaber. De målte zT-værdier langs den foretrukne 
retning for kornene viste sig at være højere end de andre retninger. Prøven, som var opbygget fra 
nanopartikler, udviste fine korn og fordelte nanobundfældninger, som resulterede i en zT-værdi 
på 0.3 ved 1223 K. Denne værdi er forårsaget af den lave termiske ledningsevne, som resulterede 
fra nanostrukturen. Brugen af den simple, paraboliske båndmodel og Debye-Callaway termiske 
transportmodel kastede lys over de anisotropiske egenskaber af de nanostrukturerede prøver. 
Desuden kunne effekten af kornstørrelsen og nanobundfældningerne på elektron- og fonon-
transporten blive analyseret og diskuteret i detalje. 
For at løse problemet ved nanostrukturering af konventionelle ZnO-materialer, hvor en høj 
termisk ledningsevne typisk også nedsænker den elektriske ledningsevne, blev det doterede 
ZnCdO-materiale forslået som en ny n-type termoelektrisk oxidmateriale. Materialet er sintreret i 
luft for at bibeholde oxygen-stoichiometrien og undgå problemer med stabiliteten. Den 
succesfulde legering af CdO med ZnO med et molært forhold på 1:9 resulterede i en betydelig 
reduktion af den termiske ledningsevne med en faktor 7 ved stuetemperatur. Ved nøje 
udvælgelse af doterings-materiale og –koncentrationer kunne en høj power factor opnås. Prøven 
med kompositionen Zn0.9Cd0.1Sc0.01O opnåede den højeste zT 0.3 ved 1173 K & ~0.24 ved 
1073K, samt en god gennemsnitlig zT, som er bedre end de hidtil bedste n-type thermoelektriske 
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oxid-materialer. Sc-doteret ZnCdO er desuden stabil i luft ved høje temperature hvorimod de 
termoelektriske egenskaber for andre n-type materialer så som Al, Ga-doteret ZnO hurtigt vil 
degradere. De termoelektriske egenskaber af en række prøver med varierende koncentrationer af 
Cd, Sc og andre doteringsmaterialer er undersøgt og diskuteret i detalje. 
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Chapter 1 Introduction 
This chapter gives an introduction to the field of thermoelectric materials and ZnO based 
thermoelectric materials. It first introduces the fundamentals and background for thermoelectrics, 
in which the Seebeck effect, figure of merit zT and the low-dimensional thermoelectrics will be 
introduced. Then the ZnO based thermoelectric materials and their current research status will be 
discussed. The issues and challenges for ZnO based thermoelectrics, mostly concerning 
nanostructuring and long-term stability will also be discussed. Lastly, the thesis outline will be 
presented. 
1.1 Fundamentals for Thermoelectrics 
1.11 Seebeck effect 
The thermoelectric effect describes what is happening to a conductor/semiconductor when it 
is subjected to a temperature difference or alternatively when a current is passed through it. 
Actually, the term "thermoelectric effect" includes three different effects: the Seebeck effect, 
Peltier effect, and Thomson effect. In this thesis, I only focus on the Seebeck effect. 
The Seebeck effect was first discovered by Thomas Johann Seebeck in 1821.[1] He found 
that a magnetic compass would be deflected when brought near a closed loop formed by two 
different metals joined together with the two junctions at different temperatures. Even though he 
mistakenly interpreted this effect as magnetism, and it was the Danish physicist Hans Christian 
Ørsted who rectified the mistake and coined the term "thermoelectricity", the discovery was still 
name after the discoverer, Thomas Johann Seebeck. 
The Seebeck effect can be used for electric power generation. Unlike the conventional 
generator that converts mechanical energy into electrical energy, the thermoelectric generator 
does not need any moving parts. It converts heat directly into electricity. The process can be 
illustrated by the schematics shown in Fig.1.1. When a temperature gradient is applied across a 
material, the charge carriers at the hot side become more energetic and they tend to diffuse from 
the hot side to the cold side. As the carriers accumulate at the cold side, the charge neutrality is 
broken and an internal electrical field is built to avoid further migration of the carriers. Finally a 
balance is achieved and an electrical voltage difference is obtained across the material as long as 
the temperature gradient exists, this is known as an open circuit voltage (OCV). In the case of 
electrons as the dominant carriers, which is called n-type thermoelectric materials, the hot side 
becomes positively charged as the electrons diffuse away from the hot side; in the case of holes, 
being p-type thermoelectric materials, the polarity is the opposite (see Fig. 1.1(a)).  
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Fig. 1.1 Schematics illustrations of the Seebeck effect: (a) when a temperature gradient is given to n-type 
and p-type materials, the charge carriers diffuse towards the cold side; (b) an internal electrical field is 
built up, and equilibrium is reached, and an electrical voltage difference is obtained across the material as 
long as the temperature gradient exists. 
For a homogenous material, the electrical voltage difference (ΔV) obtained across the 
material is proportional to the temperature difference (ΔT). The proportionality constant of the 
voltage difference over the temperature difference (ΔV / ΔT) is defined as the Seebeck 
coefficient, S, with the unit of V/K. This is also known as the thermopower. 
The physical meaning of the Seebeck coefficient is the entropy transported per charge 
carrier[2], which can be written as 
  
 
 
   
  
      (1.1) 
where n is the carrier density and Sn the entropy density of the charge carriers. It can be also 
expressed as the electronic heat capacity per charge carrier, which can be written as 
  
 
 
   
 
 
 
 
    
    
     (1.2) 
where Cel is the total electronic heat capacity for the system, e is the electronic charge, N is the 
number of electrons in the system, and Uel is the total thermal kinetic energy carried by the 
electrons. Not all of the electrons in a material can contribute to the Seebeck coefficient. Only 
those who participate in the conduction process contribute to the Seebeck coefficient. For non-
degenerate semiconductors, charged carriers need to be excited across the bandgap, Eg, to 
contribute to the Seebeck coefficient. At a temperature T, the number of carriers for conduction 
is ~(N·Eg)/(kB·T), in which  kB is the Boltzmann constant. So the total electronic thermal kinetic 
energy can be written as, 
     
    
    
              (1.3) 
Combining it with the previous equation, one can have, 
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where kB/e is the Seebeck coefficient for a classical electron gas. 
As for metals or degenerated semiconductors, it is also only the portion of the electrons in the 
system that are thermally excited that can contribute to the Seebeck coefficient. At a temperature 
of T, the number of electrons that participate in the conduction process is approximately N (T/TF) 
where TF is the Fermi temperature[3]. The Fermi temperature is related to Fermi energy by TF = 
EF/kB. Accordingly, the Seebeck coefficient for metals or degenerated semiconductors can be 
expressed as[4], 
  
 
 
   
  
  
 
   
 
 
   
  
      (1.5) 
Additionally, the Fermi energy for a parabolic band approximation can be expressed as a 
function of the effective mass, m
*
, and carrier concentration, n, as, 
   
  
   
      
 
      (1.6) 
where ħ is the Planck constant. Inserting eq. 1.6 into 1.5 gives the commonly used expression 
for the Seebeck coefficient of degenerate semiconductors [5], 
  
     
 
     
    
 
  
 
 
      (1.7) 
The above expression implies that a large Seebeck coefficient requires either a large effective 
mass or a small carrier concentration. 
As the Seebeck effect can be used for electrical power generation, thermoelectric generators 
thus emerged based on this effect. The most common set-up for a thermoelectric generator is a 
configuration where the p-n unicouples are electrically connected in series and thermally 
connected in parallel, as shown in Fig. 1.2. The unicouple arrays are stack between two ceramic 
plates. These plates are usually made of insulator ceramics with relatively good heat conductivity, 
for example, alumina. When contacting this module to a heat source, one side absorbs the heat, 
while the other side releases the heat with the help of a heat sink. A heat flux penetrates through 
the module and a temperature difference along the heat transfer direction is created, which 
results in a potential difference across each the leg. The total electrical voltage of the module is 
the sum-up of the absolute voltage values from every p- and n-type leg. 
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Fig. 1.2 A schematic illustration of a thermoelectric generator module. 
1.12 Figure of Merit, zT 
The maximum conversion efficiency for a thermoelectric generator is calculated according to 
the equation[6], 
     
  
  
       
           
     (1.8) 
where Th, Tc, and ΔT corresponds to the hot side temperature, cold side temperature, and the 
temperature difference, respectively. ΔT/Th corresponds to the Carnot efficiency— the maximum 
efficiency of a heat engine operating between two temperatures. The term ZT is the device 
dimensionless figure of merit, which is independent of the engineering design of the modules. 
The maximum possible conversion efficiency, ƞmax, is directly related to ZT. An example is given 
in Fig.1.3. Given different values for Th and Tc, ƞmax can be plotted as a function of ZT. As clearly 
shown in the picture, ƞmax monotonically increases with the increasing ZT, indicating that 
maximizing ZT is the key to the best energy conversion efficiency and should be the main focus 
for the thermoelectric research form the material science perspective. 
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Fig. 1.3 Calculated plot of maximum energy conversion efficiency as a function of the figure of merit ZT. 
Calculations were made according to Eq. 1.8 with Tcold = 300 K. 
Another indication from Fig.1.3 is that there is an improvement for ƞmax if the module is 
operating at a higher temperature with a larger ΔT.  It shows the advantage of developing high 
temperature thermoelectric materials, especially oxide thermoelectric materials that can normally 
survive over 1000 °C. 
Different from the effective device ZT, the material’s figure of merit zT is a pure material 
property related to both electrical transport properties and thermal transport properties. It is given 
by the expression, 
   
   
 
       (1.9) 
where S is the Seebeck coefficient, σ is the electrical conductivity, and κ is the thermal 
conductivity. A high zT requires a large Seebeck coefficient, a high electrical conductivity and a 
low thermal conductivity. Some describe this as ‘electron crystal and phonon glass’[5]. The 
electrical conductivity σ is a function of carrier mobility μ and carrier concentration n, which can 
be expressed as, 
           (1.10) 
where e is the electronic charge. μ is an intrinsic property of a material related to its electronic 
band structure as well as the scattering mechanisms at work in the material. The thermal 
conductivity κ is the sum of two portions— the lattice part, κL, and the electrical part, κel. For the 
lattice part, it is determined by the heat capacity and the mean free path of phonons[6]. For the 
electrical part, it is a function of carrier concentration n, which is given by, 
                 (1.11) 
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where L is known as the Lorentz number. The upper limit of the Lorenz number derived for a 
free electron gas is 2.45×10
-8
 WΩK-2, note that this value is valid only for highly degenerate 
semiconductors regardless of the carrier scattering mechanisms[7]. So the total thermal 
conductivity can be written as, 
                     (1.12) 
One can see that once the carrier concentration as well as the electrical conductivity increases, 
the thermal conductivity will also increase accordingly. 
The Seebeck coefficient S is also related to the carrier concentration, n, as shown by Eq. 1.7. 
The increase of n will result in a decrease of S. So for the zT value, the carrier concentration 
plays an important role for S, σ, and κel. Plotting the thermoelectric parameters of σ, S, κ, and zT 
as a function of n, there exists a trade-off relationship among them[5]. However, the optimized 
zT can be realized by tuning the carrier concentration to a proper value, as shown in Fig.1.4. 
Good thermoelectric materials are typically heavily doped semiconductors with a carrier 
concentration between 10
18
 and 10
21
 cm
-3
. 
 
Fig. 1.4 The trade-off relationship among the Seebeck coefficient, S, electrical conductivity, σ, and 
thermal conductivity, κ. Optimizing zT involves a compromise of these values. Figure taken from Snyder 
and Toberer’s work[5]. 
Independent from the carrier concentration, the lattice thermal conductivity, κL, also plays a 
key role in improving zT.  Throughout the few last decades, a large amount of research works 
has been focused on reducing materials’ lattice thermal conductivity[8–12]. Another example 
from Snyder and Toberer [5] illustrated the significant effect of reducing the lattice thermal 
conductivity on increasing the zT, as shown in Fig. 1.5. 
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Fig. 1.5 The improvement of zT by reducing the lattice thermal conductivity, κL. The carrier concentration 
will be re-optimized as κL reduces. Figure taken from Snyder and Toberer’s work[5]. 
1.13 Nanostructuring in thermoelectrics 
Phonon tranport is different from that of electrons, the electrons always ‘choose’ the way to 
go which this is not the case for phonons. The mean free path for electrons is only on the order of 
a few angstroms to a few nano-meters, while the mean free path for phonons has a wide 
distribution from nano-meters to several hundred micron-meters depending on the crystal 
structure and microstructure of the material. As a result, the scattering sites with a length scale 
larger than a few nanometers do not affect the electrons very much but can effectively scatter the 
phonons that have comparable mean free paths. This phenomenon provided a promising strategy 
to suppress the lattice thermal conductivity of a material while giving minor influences to the 
electronic transport. This strategy is called ‘nanostructuring’ or ‘low dimensional 
thermoelectrics’[13–16]. Since the 90s, Dresselhaus et al has theoretically predicted and 
experimentally proved that the 1D quantum wires and 2D quantum wells could obtain enhanced 
zT over the bulk materials[17–19]. Nowadays, the highest zT values over 2 have been achieved 
through nanostructuring [9] and from materials with natural 2D super lattice structures[20].  A 
typical example showing how nanostructuring works is shown in Fig. 1.6 , which is taken from 
Dresselhaus’s work[16]. As the system size decreases to nanometer scales, it is possible to cause 
dramatic change  in the density of electronic states (DOS), allowing new opportunities to vary S, 
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σ, and κ quasi-independently when the length scale is small enough to give rise to quantum-
confinement effects. 
 
 
Fig. 1.6. Illustrations of the electronic density of states (DOS) of low-dimensional semiconductors. Figure 
taken from Dresselhaus’s work[16]. 
Another example illustrates the use of nanostructuring as the nano scaled scattering sites and 
numerous interfaces preferentially scattered phonons, thus dramatically reducing the thermal 
conductivity to a very low level, as shown in Fig. 1.7. Si nanoparticles and nanowires in a SiGe 
host material can result in very low thermal conductivity values, much lower than the minimum 
thermal conductivity value of a SiGe alloy[21]. 
 
 Fig. 1.7 Effects of interfacial scattering on the reduction of the thermal conductivity by adding Si 
nanoparticles and nanowires into SiGe host material. Figure taken from Dresselhaus’s work[16]. 
The zT values have been improved over the years for conventional thermoelectric materials 
owing to the nanostructuring strategy which was been employed. As shown in Fig.1.8, for 
example, the nanostructured BiSbTe reached a peak zT of 1.4 which is 40% higher than the bulk 
BiSbTe without nanostructuring[22]. n-SiGe [23] and p-SiGe [24] also obtained similarly large 
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improvement of zT by nanostructuring. Other than that, PbTe gained the most significant 
improvement by nanostructuring, which resulted in the peak zT values higher than 1.5[25] or 
even 2.2[9]. 
 
Fig. 1.8 Literature values of zT for state the art thermoelectric materials. The dashed lines are the 
maximum zT values for bulk materials, and the solid lines are from nanostructured materials. (BiSbTe, 
and nano BiSbTe, Ref. [22]; n-SiGe, nano n-SiGe, Ref. [23]; p-SiGe, nano p-SiGe, Ref.[24] ; PbNaTe, 
and PbNaTe/SrTe, Ref.[9] ; PbTe, and Na0.95Pb20SbTe22, Ref.[25] ). 
1.2 Oxide Thermoelectrics and ZnO based Thermoelectric Materials 
1.2.1 Background for oxide thermoelectrics 
Over the years other types of materials than the one described above were also developed as 
thermoelectric materials, these are for example organic conductive polymers[26] and oxide 
materials[27]. The emergence of thermoelectric oxide materials takes the thermoelectricity into 
the cost-effective, low-toxicity and high temperature air stable regime. 
The state-of-the-art p-type oxide thermoelectric materials are the layered cobaltates, such as 
Ca3Co4O9-δ, which has been reported to show zT values of 0.45 at 1000 K [28] and 0.65 at 1247 
K[11]. Recently, Nan’s group reported the p-type BiCuSeO ceramics with natural 2D super 
lattices. Its highest zT was reported to be over 1 at 800 K[29,30]. For n-type oxide thermoelectric 
materials, the popular materials include perovskite-type strontium tintanate (SrTiO3, or STO)[33], 
and calcium manganate (CaMnO3, or CMO)[32]. Appropriate doping at A-site or B-site in those 
compounds can induce excess electrons and causing them to exhibit n-type conductivty. The 
doping can be easily achieved in a reducing atmosphere so that excess oxygen can be emitted to 
the gas phase and the doping process is promoted. However, for STO the Ti
3+
 ions are not stable 
and can be easily oxidized to Ti
4+
 above 650K in air, so the crystal becomes insulator. For CMO 
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the Mn
3+
 ions are more stable than Ti
3+
 ions, so the doped CMO can be stably conductive in air 
at high temperatures. Thus STO can be used only for medium-temperature (300-600K) 
applications, while CMO can be used up to high-temperature (above 1000K) applications, the 
highest zT for both materials are around 0.3[33][34]. A collection of zT values from typical oxide 
thermoelectric materials (both n and p-type) is shown in Fig. 1.9. The zT values are all taken 
from literature[11,30,32,34–36]. 
 
Fig. 1.9 Re-plotting zT values of oxide thermoelectric materials from literature[11,30,32,34–36]. 
1.2.2 Background for ZnO based thermoelectrics 
ZnO is a well known wide direct band gap semiconductor. Research on ZnO has continued 
for many decades with interest for its potential applications in many fields. Owing to its direct 
wide band gap (Eg~ 3.37 eV at 300 K), ZnO is most famous in its prospects for optoelectronics 
applications [37–40]. Other applications such as fabrication of transparent thin-film transistors, 
and spintronics applications are also intensively investigated and reported [41–43]. ZnO can also 
be doped with donor impurities and changed from an insulator to an n-type semiconductor and 
then to a material with metal-like conductivity while maintaining optical transparency. That 
makes it useful for transparent electrodes in flat-panel displays and solar cells[44–47]. The 
doping induced n-type electrical conductivity and carrier mobility also give rise to its potential as 
an n-type oxide thermoelectric.  
The most common crystal structure of ZnO is the hexagonal wurtzite structure. It is most 
stable at ambient conditions. The zincblende structure is a rare form of ZnO which only exists at 
relatively high pressures of about 10 GPa. However it can be stabilized by growing a ZnO thin 
film on a substrate with a cubic lattice structure. In both cases, the zinc and oxygen centers are 
tetrahedral, the most characteristic geometry for Zn(II). A schematic of ZnO crystal structure is 
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shown in Fig.1.10a. The powder X-ray diffraction pattern of a standard ZnO gives the 
characteristic peaks for a ZnO poly crystal, and the cell parameters can be obtained by 
refinement. As shown in Fig. 1.10b, the lattice parameters a and c are 3.24Å and, 5.20Å, 
respectively. The calculated unit cell volume is 47.62 Å
3
. 
 
Fig. 1.10 (a) A schematic of the wurtzite ZnO crystal structure. (b) A powder diffraction pattern for ZnO. 
Because of the simple crystal structure and light element composition as shown above, ZnO 
would suffer from the high thermal conductivity, e.g. 49 Wm
-1
K
-1 
at 300K and 10 Wm
-1
K
-1 
at 
1000K[35], which is very unfavorable for thermoelectrics. However the electrical transport 
properties of ZnO are high with a carrier mobility over 200 cm
2
V
-1
S
-1
 at 300K which reaches as 
high as 1350 cm
2
V
-1
S
-1
 at 80K, as shown in Fig. 1.11a, according to Lin’s work[48]. The 
effective mass of the ZnO was measured by Kim et al.[49] , and reported to be about 0.3 to 0.45 
me depending on the carrier densities as shown in Fig. 1.11b. The value for m
*
 is in fact moderate, 
which offers a decent Seebeck coefficient for ZnO while giving minor harm to its carrier 
mobility. 
Fig. 1.11 (a) Carrier mobility of a ZnO single crystal as function of temperature. Figure is taken from 
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Lin’s work [48]. (b) DOS effective mass ,m*,for ZnO as a function of the carrier concentration n. me is the 
free electron mass. Figure is taken from Kim’s work [49]. 
Given the good electronic transport properties of ZnO, the thermoelectric properties of ZnO 
were not discovered until Ohtaki doped ZnO with Al and the zT was significantly 
increased[35,50]. Doping ZnO with Al introduced excess electron charge carriers. The carrier 
concentration was increased from 5.2×10
17
 cm
-3
 of pure ZnO to 7.2×10
19
 cm
-3
 of 2 at%-Al-doped 
ZnO. Despite the high thermal conductivity of ~7 Wm
-1
K
-1 at 1000  C, the 2at%-Al-doped ZnO 
achieved a zT ~0.3 at 1000  C owning to the high power factor, S2σ, of 1.4×10-3W m-1K-2 at 
1000  C [35]. An even higher zT of 0.65 at 1000  C was later obtained by the Al, Ga-dually doped 
ZnO from Ohtaki’s work [51]. Compared with the Al-doped sample, the thermal conductivity 
was reduced to ~5 Wm
-1
K
-1 at 1000  C, and at the same time, the power factor, S2σ, was measured 
to be as high as 2.4×10
-3
W m
-1
K
-2 at 1000  C. Yet, there have not been any other groups who can 
repeat the same results. A collection of zT of ZnO based thermoelectric materials is shown in Fig. 
1.12. The zT values are all taken from literature[35,51–56]. 
 
Fig. 1.12 Re-plotting zT of ZnO based thermoelectric materials from literatures[35,51–56] 
1.2.3 Nanostructuring of ZnO thermoelectrics and the issues 
Since 2010, the integration of nanostructuring to the ZnO based thermoelectrics has become 
a popular topic. Kinemuchi et al [57] synthesized nanograined ZnO using a pressure-induced 
deformation method. Bulk samples with grain sizes down to 30 nm were obtained. Though the 
thermal conductivity was successfully reduced down to 4 Wm
-1
K
-1 at 800  C, the electrical 
conductivity was also greatly influenced by the strong interface scattering which led to a 10 
times larger electrical resistivity while the Seebeck coefficient remained almost the same. The 
overall zT was not improved at all when comparing the nanograined samples to the normal bulk 
samples. In 2011, Jood et al [10] reported on the Al-doped ZnO nanocomposites sintered using 
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nano precursors made by a microwave-aided hydrothermal method. The thermal conductivity 
measured at room temperature was reduced down to 2.8 Wm
-1
K
-1
 compared to 49 Wm
-1
K
-1
for 
bulk ZnO. Though the electrical conductivity was also reduced 10 times as compare to other bulk 
samples[35], the Seebeck coefficient was enhanced very much due to the boundary scattering. 
Extrapolating the thermal conductivity up to 1000 K, the authors reported a peak zT of 0.44. 
Nam et al[53] later investigated the charge transport properties of Al-doped ZnO nanocomposites. 
The hopping conduction mechanism was observed in those samples due to the boundary 
scattering. The hall carrier mobility kept increasing with the rising temperature as the grain 
boundaries acted as potential barriers to the electrons, while the carrier concentration remained 
the same.[53] As a result, the nanostructuring turned out to be very beneficial to high 
temperature zT of Al-doped ZnO, but the near room temperature zT is usually lower than the zT 
from bulk samples due to lower electrical conductivity. Generally, for ZnO nanocomposites, the 
high temperature thermoelectric properties are far better than those at room temperature, because 
the reduction of the thermal conductivity by boundary and interface scattering may be passivated 
by the loss of electrical conductivity (See Fig.1.13). This remains an issue for ZnO 
nanocomposites for its doubtable overall improvement of average zT values. 
 
Fig. 1.13 The comparison of the figure of merit zT, between ZnO nanocomposites and bulk samples 
without nanosturecturing. Data extracted from literature works by Ohtaki et al[35], Jood et al[10], and 
Nam et al[53]. 
1.2.4 Unstable thermoelectric properties of ZnO 
Like many other oxide materials, the physical properties of the ZnO are sensitive to oxygen 
content, especially for Seebeck coefficient, S, and electrical conductivity, σ. There were previous 
investigations on the influence of preparation conditions for Al-doped ZnO by Berardan et al[58]. 
The samples were sintered in different atmosphere, either N2 or air. The subsequent Seebeck 
coefficient and electrical resistivity measurements evidenced a large difference between air-
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prepared and N2-prepared samples. The power factor of the sample prepared in N2 was more than 
twice as large as that of the air-prepared sample. Another example was given by Schäuble et al 
[59], who first deposited ZnO:Al nano-polycrystalline thin films on glass substrates using radio-
frequency magnetron sputtering, then the S and σ of the films were measured under either air or 
Ar/H2. The results showed that the reducing atmosphere Ar/H2 decreased the │S│ but increased 
σ, while in air the effect is reversed, as shown in Fig.1.14. The star-shaped marks in Fig. 1.14a 
and b represent two different statuses of the ZnO:Al thin films: the red star ‘1’ represents the as 
deposited oxygen deficient status; and the blue star ‘2’ represents the air-annealed oxygen rich 
status. It is easy to see that for the Seebeck coefficients, status ‘2’ has 10 times larger absolute 
values than status ‘1’; for electrical resistivity, status ‘2’ is 4 orders larger than status ‘1’. 
 
 
Fig. 1.14 Electrical resistivity and Seebeck coefficient of the ZnO:Al thin films as a function of 
temperature (first cycle in air and second cycle in Ar/H2). Figure taken from the work of Schäuble et al 
[59]. The red star ‘1’ represents the as-deposited oxygen deficient status; and the blue star ‘2’ represents 
the air annealed oxygen rich status. 
The fluctuation of S and σ observed in different atmospheres can be explained by the 
existence of native point defects in ZnO. ZnO is known as an intrinsic n-type oxide material. Its 
intrinsic n-type conduction originates from point defects like oxygen vacancies VO
2+
, zinc 
interstitials Zni
2+
, and zinc antisite defects ZnO
2+
[60]. They are also the sources compensating the 
p-type doping for ZnO, which make it very difficult to make or maintain the p-type conduction 
for ZnO based materials. These defect sites are illustrated in Fig. 1.15. According to Janotti and 
Van de walle’s work [61], oxygen vacancies are deep donors and they can compensate p-type 
doping. Zinc interstitials have high diffusivity and they are shallow donors with high formation 
energies under n-type conditions. Zinc antisite defects are also shallow donors with high 
formation energies in n-type samples. Moreover, zinc antisite defects have large off-site 
displacements and induce large local lattice relaxations, as shown in Fig. 1.15c. 
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Fig. 1.15 Ball and stick model of the (a) +1 charge state oxygen vacancy, (b) +2 charge state oxygen 
vacancy, (c) zinc interstitial, (d) zinc antisite. Figure taken from Janotti and Van de walle’s work [60]. 
The formations of these point defects follow these general reaction equations: 
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where δ, β,   =1 or 2, and the equilibrium constants of reactions (1.12)–(1.14) can be obtained 
using the mass action law, as expressed by the following equations: 
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where Po2 represents the partial pressure of oxygen in the system. From these equations we can 
see that the probabilities of forming oxygen vacancies, zinc interstitials, and zinc antisite defects 
are all related to the partial pressure of oxygen in the system. The charge carrier concentrations 
are also directly related to these reactions. As discussed in section 1.12, as the carrier 
concentration increases, the electrical conductivity will increase but the absolute value of the 
Seebeck coefficient will decrease. The previously discussed observations by Schäuble et al [59] 
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clearly illustrate these reactions and their consequent influences on thermoelectric properties 
clearly. 
The unstable thermoelectric properties of ZnO raises issues for the application of ZnO based 
materials as thermoelectrics, especially for those that are prepared in nitrogen but used in air. 
However, there are still possible solutions for this issue since the concentrations of native defect 
points are in equilibrium with the oxygen partial pressure. If the oxygen partial pressure can be 
maintained, the carrier concentration fluctuations could be minimized. Thus it is very important 
that the materials are prepared and used in the same atmosphere, as well as the measuring 
atmosphere. If this is not done properly, it is very likely that the results will cause discrepancies 
during the measurement since the samples would continuously change and the recorded data 
would be distorted. The issues for ZnO thermoelectric properties measurements will be discussed 
in chapter 2.3.  
1.3 Thesis Outline 
This thesis contains eight chapters. Chapter three through seven contain the main scientific 
presentation of this thesis. Chapters three and four discuss the preparation conditions and 
thermoelectric properties of Al-doped and Al,Ga-dually-doped ZnO. Chapter five discusses the 
nanostructuring of Al-doped ZnO. Chapters six and seven discuss the new ZnCdO based 
thermoelectric oxide materials. 
Chapter 2 describes the detailed experimental methods and includes the synthesis methods 
and characterization techniques. This chapter highlights the ZnO thermoelectric properties 
measurement issues, and the discrepancies caused in Seebeck coefficient and electrical 
conductivity measurements using different techniques and in different atmospheres. 
Presented in chapter 3, the microstructure and thermoelectric properties of Al-doped ZnO 
using α- and γ-Al2O3 as dopants are systematically investigated in order to understand their 
different mechanisms and effects on the thermoelectric properties. The samples were prepared by 
the spark plasma sintering (SPS) technique from precursors calcined at various temperatures. 
Clear differences in microstructure and thermoelectric properties were observed between the 
samples doped with α- and γ-Al2O3. This work is a preliminary investigation on the doping 
mechanisms for Al-doped ZnO.  
As discussed in chapter 4, Al, Ga dually-doped ZnO was prepared by SPS with different 
sintering temperatures. The microstructural evolution and thermoelectric properties of the 
samples were investigated in detail. The sintering mechanism of ZnO particles and 
microstructure evolutions at different sintering temperatures were investigated by the simulation 
of the self-Joule-heating effect of the individual particles. This work investigates the SPS 
sintering conditions and mechanism for Al, Ga dually-doped ZnO. 
In chapter 5, nanostructuring of Al-doped ZnO was established. Using different morphologies 
of precursors by soft chemical routes, Al-doped ZnO nanocomposites were successfully 
synthesized by spark plasma sintering (SPS). The as-prepared samples exhibited different 
nanostructures and certain degrees of preferential orientations. Using the simple parabolic band 
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model and the Debye-Callaway thermal transport model, the anisotropic properties of the 
nanostructured samples were elucidated and the influence of the grain size and nanoprecipitates 
on the electron and phonon transport was analyzed and discussed in detail. 
In chapter 6, the new ZnCdO based n-type thermoelectric material is introduced and its 
thermoelectric properties are investigated after doping with Sc, Ga, Sn, Ce etc. The electrical and 
thermal transport properties were both analyzed using the simple parabolic band model and 
Debye-Callaway thermal transport model, respectively. The Sc-doped ZnCdO showed promising 
thermoelectric properties with zT values surpassing those of the conventional Al-doped ZnO 
materials, as well as the high temperature air stability that the conventional ZnO based materials 
lack. 
Finally, the conclusions and outlooks are presented in chapter 7. 
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Chapter 2 Experimental 
The experimental details of the thesis are described in this chapter. The material processing 
methods like hydrothermal synthesis, solid-state-reaction, and spark plasma sintering are 
described first. The characterization methods for materials structural properties and 
thermoelectric properties are described in the followings. The issues for thermoelectric properties 
measurements for ZnO materials are discussed at last. 
2.1 Material Processing 
2.11 Power processing 
Power processing includes the powder mixing and pressing procedures before sintering. This 
applies to all of our commercial purchased oxide powders. 
Roll-mixing is an effective method for homogenizing the starting powder. The starting 
powder often consists of two or more than two component powders, for example ZnO, Al2O3, 
and Ga2O3. First, the powders were weighed to the right amount and added together into a 
polyethylene bottle. Zirconia cylinders or balls were also added into the bottle as a mixing aid. 
Then the absolute ethanol with the same weight amount to the powders was added. After that, the 
bottles were sealed and attached with the right safety labels. The mixing speed is 40 rpm and the 
time is for 24 hours. When the mixing procedure is finished, the powder is dried at room 
temperature in a fume hood for 48 hours. 
For making nanostructured ZnO ceramics, the commercial powders couldn’t meet the 
special requirements like particles sizes, particle morphologies, and the homogeneity of the 
dopants. Thus, the soft-chemical synthesis was carried out to produce nanoparticles.  
One type of chemical synthesis in this work is forced-hydrolysis method. Very fine Al-
doped ZnO nanoparticles could be synthesized using this method. Zinc acetylaceonate and 
aluminum nitrate at a molar ratio of 98:2 were dissolved in ethanol, and the solution was then 
refluxed. Another ethanol solution containing sodium hydroxide was added dropwise into the 
zinc acetylaceonate solution and the mixture was then refluxed for 1 h. After the reaction was 
completed, white precipitates were centrifugally washed several times with de-ionized water and 
ethanol. The resultant nanoparticles were then used as seeds for the synthesis of Al-doped ZnO 
rods and platelets, as well as starting particles for sintering. 
Another type of chemical synthesis is hydrothermal method. The Al-doped ZnO particles 
with certain morphologies e.g. rods or platelets, could be synthesized using this method. The Al-
doped ZnO rods were synthesized following this procedure: 100 mg Al-doped ZnO nanoparticle 
seeds were added in a 160 ml solution of 0.49 M ZnCl2, 0.01 mM AlCl3, (Zn/Al = 98:2) and 0.1 
mM PEG20000 after adjusting the pH value to 7–8 using aqueous ammonia. The mixture was 
first stirred at room temperature for 1 hour and then transferred into a 200 ml Teflon liner which 
is a part of the hydrothermal reactor, as shown in Fig. 2.1. The Teflon liner was then sealed 
inside the stainless steel shell and put inside an oven at 160 °C for 20 hours. After the reaction 
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was complete, the formed precipitates were taken out of the liner and centrifugally washed 
several times with de-ionized water and ethanol, and then dried in vacuum. The Al-doped ZnO 
platelets were also synthesized using a similar procedure: 100 mg Al-doped ZnO nanoparticle 
seeds were added in a 160 ml solution of 0.49 M Zn(CH3COO)2•H2O, 0.01 M Al(NO3)3, (Zn/Al 
= 98:2), 0.1 M NaOH, and 0.17 mM sodium citrate. The mixture was first stirred at room 
temperature for 1 hour and then hydrothermal treated at 95 °C for 24 hours. And the following 
procedure is the same to that for making Al-doped ZnO rods. 
 
Fig. 2.1 Stainless steel hydrothermal reactor and the Teflon liner. 
Powder mould pressing is a very important step for ceramic processing. The final density of 
the sintered bulks is directly related to the quality of powder pressing. The press procedures used 
in this work included the uniaxial pressing and isostatic pressing. The uniaxial pressing was 
using stainless steel dies with an inner diameter of 20 mm.  About 6 to 8 grams of powder was 
added into the die and a pressing force of 18 kN ( ~2 Tons) was applied for 60 sec.  The isostatic 
pressing was following the uniaxial pressing. The samples were first wrapped with an ultrasonic 
rubber bag, and then immerged into the isostatic pressing mould filled with water. A pressing 
force of 450 kN (~ 50 Tons) was applied for 60 sec. 
2.12 Ceramic Sintering 
The sintering methods in this work included Solid-State-Reaction (SSR) method and Spark 
plasma sintering (SPS) method. The SSR method is using the conventional chamber furnace or 
tube furnace for sintering. The samples were either sintered in air or flowing nitrogen gas. The 
sintering profile was 1400 °C for 5 hours. The heating up and cooling down ramping rate was 
300 K/h. The SPS method is a current-assisted hot pressing method. It simultaneously applies a 
high-intensity pulsed direct current and uni-axial pressure to the sample during the sintering 
process, which offers the possibility to densify the samples within a short time at a relatively 
lower temperature compared with conventional sintering method [62], as well as maintaining the 
power morphologies and realizing nanostructures[7]. For SPS method, the powder samples were 
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directly used and the powder pressing step could be skipped. The mixed dry powder was first 
loaded in to a graphite die with graphite foils as the delaminating agents. The inner diameter for 
the graphite die or the punch we used was 12.7 mm. The powder was first pre-pressed in graphite 
die under 50 MPa for 10 s before loaded into the SPS units. The SPS units of Dr Sinter 515S 
(Syntex Inc., Japan) was used, as shown in Fig. 2.2.  During the sintering, a pulsed direct current 
regulated by on:off settings, each pulse lasts 3.3 ms and has a 12:2 on:off ratio. For the sintering 
parameters, a constant uniaxial pressure of 50 MPa was applied and the constant ramping rate of 
130 K/min was used. The samples are sintered in vacuum. The sintering time and holding time 
could vary according to different investigation cases. Detailed information will be given in each 
chapter’s experimental section. 
 
Fig.2.2 The real picture of a SPS units of Dr Sinter 515S (Syntex Inc., Japan) during sintering. 
2.2 Material Characterization  
2.21 Structural characterization 
X-ray diffraction analysis was performed on using a Bruker® D8 diffractometer (Bruker, 
Germany) with Cu-Kα radiation. The phases were analyzed and identified with EVA software 
and the XRD refinements were performed using TOPAS software. 
Microstructures of sintered bulk samples or powder samples were examined under Field 
Emission Gun Scanning Electron Microscopy (FEG-SEM) with Energy-dispersive X-ray 
Spectrometer (EDS). SEM observations and EDS elemental analysis were conducted on Zeiss® 
Supra systems (Carl Zeiss, Inc. Germany).   
High resolution transmission electron microscopy (TEM) imaging with electron diffraction 
analysis was conducted in the bright-field mode using a transmission electron microscope (model 
JEM-3000F) operating at an acceleration voltage of 300 kV with the assistance from Dr. Wei 
Zhang. Elemental maps were obtained in STEM mode using EDS microanalysis.  
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2.22 Electrical transport properties characterization 
The electrical transport properties investigated in the thesis include the electrical 
conductivity, Seebeck coefficient, carrier concentration, and carrier mobility. The electrical 
conductivity was measured using a 4-probe static DC method. The Seebeck coefficient was 
obtained by fitting the slope of the voltage difference dV against the temperature difference dT 
measured by two thermocouples. Before the measurements for electrical conductivity and 
Seebeck coefficient, samples were cut into about 4×4×12 mm
3
 rectangular shape. Both 
properties were measured simultaneously using an ULVAC-RIKO ZEM-3 under a low pressure 
of helium atmosphere from room temperature up to 1173 K. The real picture of a sample 
measured in ZEM-3 and the corresponding illustrative scheme of the wire configuration are 
shown in Fig. 2.3. 
 
Fig.2.3 (a) the real picture of a sample measured in ULVAC-RIKO ZEM-3; (b) an illustrative scheme of 
the wire configuration with the sample for ULVAC-RIKO ZEM-3. 
 
 
Fig.2.4 (a) the real picture of a sample measured in RZ-2001i (Figure taken from http://www.empa.ch); (b) 
an illustrative scheme of the wire configuration with the sample for RZ-2001i. 
An RZ-2001i (OZAWA, Japan) from Kyushu University was used for the electrical 
conductivity and Seebeck coefficient measurements in air. The electrical conductivity and 
Seebeck coefficient were measured simultaneously as well. Unlike ZEM-3, it required no 
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vacuum or protective gas but directly measured samples from room temperature up to 1223 K in 
air. The real picture of a sample measured in RZ-2001i and the corresponding illustrative scheme 
of the wire configuration are shown in Fig. 2.3. 
The carrier concentration and carrier mobility were obtained by Hall measurement at room 
temperature. Samples were cut into about 5×5×1 mm
3
 squared pellets with contacts at four 
corners. The van der Pauw method was used with a superconducting magnet (5.08 T). 
2.23 Thermal properties characterization 
The thermal conductivity (κ) was determined from the thermal diffusivity (α), the mass 
density (ρ) and the specific heat capacity (Cp) according to the equation κ = αρCp. The thermal 
diffusivity was obtained by the laser flash method (Netzsch LFA-457, Germany), the mass 
densities of the samples were measured by Archimedes’ method using water with surfactant, and 
the specific heat capacity was measured using a differential scanning calorimeter (Netzsch DSC 
404C, Germany). In some cases, the specific heat capacity was calculated according to the 
Dulong-petit law. 
2.3 Issues for ZnO thermoelectric properties measurement  
As discussed in Chapter 1.2.4, the unstable thermoelectric properties of ZnO samples raised 
issues while measuring their electrical conductivities and Seebeck coefficients. Discrepancies 
will happen between different measurement techniques and in different atmospheres. This 
chapter will explain the reasons to the discrepancies. 
Sample homogeneity is a prerequisite for accurate characterization of thermoelectric 
properties. However, ZnO based materials are very sensitive to the surrounding atmospheres and 
can form oxygen sufficient or deficient states reversibly. One can tell which state it is by simply 
looking at the color of the samples, where a dark greenish color mean the oxygen deficient state 
and the light yellowish color signifies the oxygen sufficient state. Fig.2.5 shows an example of a 
pellet sample losing its homogeneity due to post-annealing under different atmospheres.  
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Fig. 2.5 An illustration of a pellet sample losing its homogeneity due to post-annealing under different 
atmospheres. (a) The real picture of a cut specimen; (b) An schematic of the specimen for (a); (c) An 
schematic of a reverse case—a sample first sintered in air and then post annealed without oxygen partial 
pressure. 
As previously shown in Fig. 1.12, the dark greenish oxygen deficient parts may have a much 
smaller│S│ but with a much larger σ, while the light yellowish oxygen sufficient parts may have 
a large│S│ but very poor σ. So if the measured S and σ were not coming from a same spot of 
one sample, the power factor and zT will very likely to be overestimated.  
Some characterization systems do not measure S and σ at exactly the same spot of a specimen, 
for example the RZ-2001i system. Thus special attention should be paid if the measurement 
atmosphere is different from the sintering atmosphere for the specimen. For the measurements in 
air using RZ-2001i (OZAWA, Japan) system, three different cases are illustrated in Fig. 2.6. The 
first case is shown in Fig.2.6a: the specimen was sintered in air, and thus there should be no 
changes if the measurement is running in air. The resulting power factor is correct. For the 
second case shown in Fig.2.6b, the specimen was sintered in N2 or in vacuum. When the 
measurement is running in air at high temperature, the specimen surface would restore oxygen 
(get light yellowish). The volume fraction of the oxidized phase of the whole specimen is 
relatively larger than that at the middle part. So the calculated power factor would be 
overestimated from a larger│S│ and the similar σ, compared with the original oxygen deficient 
sample. For the third case shown in Fig.2.6c, the inhomogeneous specimen is measured in air. 
Inaccurate results would be immediately recorded even from room temperature. The 
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overestimation of the power factor should be very large and will be larger if the sample continues 
to uptake oxygen at high temperature measurements. 
 
Fig.2.6. Three cases for the measurements in air using RZ-2001i (OZAWA, Japan) system: (a) 
measurement of an oxygen sufficient sample: the results are reliable; (b) measurement of an oxygen 
deficient sample at high temperature: the surface restores oxygen, the power factor is overestimated; (c) 
measurement of an inhomogeneous sample: the power factor is seriously overestimated. 
For characterization systems like the ULVAC-RIKO ZEM-3, it measures S and σ 
simultaneously from the same spot of a specimen. Thus it should hold a better accuracy, even if 
the measurement atmosphere is different from the sintering atmosphere for the specimen. For the 
measurements in vacuum using ULVAC-RIKO ZEM-3system, three different cases are 
illustrated in Fig. 2.7. For the first case shown in Fig. 2.7a, the specimen is oxygen deficient. The 
measurement results are reliable as long as the sample stays away from decomposition. The 
resulting power factor is correct. For the second and third cases shown in Fig. 2.7a and b, the 
inhomogeneous specimens are measured. The volume fraction of the oxidized/deoxidized phase 
at the middle part of the specimen is relatively small. So the calculated power factors are close to 
the values of their majority phases. 
 
Fig.2.7. Three cases for the measurements in vacuum using ULVAC-RIKO ZEM-3 system: (a) 
measurement of an oxygen deficient sample, the results are reliable; (b) measurement of an oxygen 
sufficient sample at high temperature, the surface loses oxygen, but the power factor is close to the 
oxygen sufficient value; (c) measurement of an inhomogeneous sample, the power factor is close to the 
oxygen deficient value. 
For other characterization systems that do not measure S and σ simultaneously, for example, 
S values are individually obtained using one apparatus while σ values are obtained using a four-
probe method, the measurement of an inhomogeneous sample would result in large inaccuracies. 
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As shown in Fig. 2.8, the measurements of the inhomogeneous sample look very problematic. 
For S, the measured values are different from either the oxygen sufficient phase or the oxygen 
deficient phase. For σ, the measured values are close to the oxygen deficient phase for case 1 
(see Fig.2.8b) and close to the oxygen sufficient phase for case 2 (see Fig.2.8c). Furthermore, if 
the measurements were carried out at high temperature and the sample phases continuously 
change during the measurements, the cases will be influenced even by the sequence of measuring 
S or σ first. 
 
 
Fig.2.8. Illustrations for the measurements of inhomogeneous samples; (a) measurement of S using a two-
probe method; (b) measurement of σ using a four-probe method, the σ is close to the oxygen deficient 
value. Using the as-measured σ will result in an overestimation of power factor; (c) measurement of σ 
using a four-probe method, the σ is close to the oxygen sufficient value. Using the as-measured σ will 
result in an underestimation of power factor. 
In summary, the homogeneity of the specimen and the changing oxygen stoichiometry during 
the measurement are two issues for ZnO base thermoelectric characterizations. The systems that 
measure S and σ simultaneously from the same specimen part will be less influenced by these 
issues. On contrary, the systems that do not measure S and σ from the same location on the 
specimen or do not measure them simultaneously will result in large discrepancies for the 
calculated power factor and zT. Accurate results can be obtained by using homogenous 
specimens and avoiding dramatic changes of oxygen stoichiometry during the measurement. 
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Chapter 3 The Influence of α- and γ-Al2O3 Phases on the 
Thermoelectric Properties of Al-doped ZnO 
 
 
 
 
Abstract: 
A systematic investigation on the microstructure and thermoelectric properties of Al-doped ZnO 
using α- and γ-Al2O3 as dopants was conducted in order to understand the doping effect and its 
mechanism. The samples were prepared by the spark plasma sintering technique from precursors 
calcined at various temperatures. Clear differences in microstructure and thermoelectric 
properties were observed between the samples doped with α- and γ-Al2O3. At any given 
calcination temperature, γ-Al2O3 resulted in the formation of a larger amount of the ZnAl2O4 
phase in the Al-doped ZnO samples. The average grain size was found to be smaller for the γ-
Al2O3-doped samples than that for the α-Al2O3-doped ones under the same sintering condition. It 
is proposed that the ZnAl2O4 phase is the reason for the observed suppression of grain growth 
and also for the slightly reduced lattice thermal conductivity exhibited by these samples. The γ-
Al2O3 promoted the substitution for donor impurities in ZnO, thus resulting in shrinkage of the 
unit cell volume and an increase in the electrical conductivity compared with the α-Al2O3 doped 
ZnO. At a calcination temperature of 1173K, the γ-Al2O3 doped sample showed a zT value of 
0.17 at 1173 K, which is 27% higher than that of the α-Al2O3 doped sample. 
 
 
 
 
 
 
 
 
 
 
 
The work discussed in this chapter is published in: L. Han, N. V. Nong, T. H. Le, T. Holgate, 
N. Pryds, M. Ohtaki and S. Linderoth, J. Alloys Compd., 2013, 555, 291.[56] 
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3.1 Introduction 
Thermoelectric oxide materials are strong candidates for high temperature power generation 
from waste heat. The promising high temperature n-type thermoelectric properties of Al-doped 
ZnO were first brought to the public sight by Ohtaki et al. in 1996 [50]. Recently, a figure-of-
merit, zT of 0.44 at 1000 K was obtained for nanostructured Al-doped ZnO [10], and again this 
showed the possibility of using ZnO for low-cost practical waste heat harvesting. In the last few 
years, intensive investigations have been targeted to improve the thermoelectric properties and 
the preparation conditions of Al-doped ZnO [59,63–65], but little attention has been paid to the 
choice of which phases of Al2O3 should be used as the dopant. This is probably one of the 
reasons for the controversial results reported by many research groups on the thermoelectric 
performance of Al-doped ZnO. Therefore, it is noteworthy to investigate systematically the 
influences of using different phases of Al2O3 as dopants on the thermoelectric properties of Al-
doped ZnO. In fact, the α- and γ-phases of Al2O3 have different crystal structures and physical 
properties with their specific reaction kinetics with ZnO [66–68]. Moreover, the phase transition 
of Al2O3 is temperature dependent, suggesting that the synthesis temperature of Al-doped ZnO is 
crucial and can result in different material properties. 
From this point of view, we have conducted a systematic investigation of the microstructure 
and the thermoelectric properties of Al-doped ZnO synthesized by various heat treatments using 
two different phases of Al2O3 as dopants: γ-Al2O3 with a defect spinel structure and α-Al2O3 with 
the corundum structure. We observed a noticeable difference in the microstructure and 
thermoelectric properties between α- and γ-Al2O3-doped ZnO when the synthesis temperature 
was lower than 1273 K. The correlations between the thermoelectric properties, microstructure 
evolutions, and the solid state reaction kinetics of the secondary phases are discussed herein. 
3.2 Experimental Procedure 
The starting materials used in these investigations are: ZnO (99+% 40-100 nm APS powder, 
Alfa-Aesar), γ-Al2O3 (99.5% 45-55 nm APS Powder, Alfa-Aesar), and α-Al2O3 (99.5% 0.9-2.2 
Micron APS Powder, Alfa-Aesar). 
The synthesis of Al-doped ZnO ceramics: Aluminum oxide (γ-Al2O3 or α-Al2O3) was mixed 
with ZnO at a molar ratio of 1:98 (the atomic ratio of Al:Zn = 2:98) by ethanol-aided roll milling 
using ceramic balls for 24 h. The resulting mixtures were then dried at room temperature for 24 h 
followed by further drying at 403 K for 3 h. The dried powders were put into porcelain boats and 
calcined at various temperatures (973, 1073, 1173, and 1273 K) under N2 for 1 h. After 
calcination, the powders were sieved using a 300 mesh sieve, corresponding to a mean particle 
size of 48 µm. The precursors were densified using optimized conditions into compact bulk 
pellets by spark plasma sintering (SPS) at 1173 K for 5 min in argon under a uniaxial pressure of 
50 MPa. The six sintered samples are denoted as γ-973, α-1073, γ-1073, α-1173, γ-1173, α-1273 
according to the phase of Al2O3 used and the calcination temperatures. These samples and their 
precursors were examined by power X-ray diffraction (XRD) on a Bruker D8 diffractometer 
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(Bruker, Germany) using Cu-Kα radiation. The density of the samples was measured on an 
AccuPyc-1340 Pycnometer. A scanning electron microscope (SEM) (Supra, Carl Zeiss, Inc. 
Germany) equipped with an EDX spectrometer was used to observe the microstructures of the 
samples. The measurements of the electrical resistivity and the Seebeck coefficient were carried 
out on an ULVAC-RIKO ZEM-3 from room temperature up to 1173 K under a low pressure of 
helium atmosphere. The thermal conductivity was determined from the thermal diffusivity 
obtained by the laser flash method (a Netzch FLA-457) and the specific heat capacity calculated 
by the Dulong-Petit relation. 
3.3 Results and Discussion 
3.3.1 Structural properties 
The relative density of the bulk sintered ZnO samples doped with α/γ-Al2O3 was found to be 
95±3% regardless of the calcination temperature. X-ray diffraction analysis for these samples 
showed that most of the observed XRD peaks (see Fig. 3.1a) are assigned to those of pure ZnO 
phase (ICDD card PDF#36-1451). It also reveals in the inset of Fig. 3.1 that the peak at 2θ = 
36.83° assigned to the strongest peak of ZnAl2O4 gahnite phase [69]. Comparing this peak over 
the samples, it seems as if those peaks of the α-1073 and γ-973 samples are more diffused than 
those of the samples with higher calcination temperature. The cell volume monotonically 
decreased with increasing calcination temperature for both α- and γ-Al2O3-doped samples (see 
Fig. 3.1b). The ionic radius of Al
3+
 (0.039 nm, 4-fold coordination) is smaller than that of Zn
2+
 
(0.060 nm, 4-fold coordination) [70], suggesting that the decrease of the unit cell volume may 
originate from the substitutions of Al
3+
 at Zn-sites promoted by the elevated calcination 
temperature. It should also be noted that the unit cell volume was smaller for the γ-1073 and γ-
1173 samples than that for the α-1073 and α-1173 samples, respectively. 
 
Fig. 3.1 (a) XRD patterns of α/γ-Al2O3-doped ZnO with different calcination temperatures (from 973 to 
1273 K). The dotted box magnified as the inset shows the position of the strongest peak from ZnAl2O4. (b) 
The unit cell volume obtained from the lattice parameter refinement as a function of the calcination 
temperature. 
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Fig. 3.2 SEM photographs of the fracture surfaces of α/γ-Al2O3-doped ZnO. (a) γ-973, (b) γ-1073, (c) α-
1073, (d) α-1273, (e) a representative high-magnification SEM image of the ZnAl2O4 nanoprecipitates. 
EDX line scans of Zn, O, and Al Kα1 X-ray peaks obtained along the yellow arrow are shown in (f). 
Fig. 3.2a-f shows the SEM micrographs of fracture surfaces and the EDX analysis from a 
selected area of α/γ-Al2O3-doped ZnO samples sintered by SPS. Fig. 3.2a-e reveal that besides 
the ZnO grains with the size of several micrometers, there exist some interspersed nano-sized 
grains, which precipitate within the ZnO grain interiors or at the grain boundaries. An EDX line 
scan was taken across the nanoprecipitates (see Fig. 3.2e, f), showing that these nano-grains have 
enriched Al concentrations. This observation, together with the ZnAl2O4 gahnite phase detected 
by XRD, suggests the formation of ZnAl2O4 precipitates in these samples. A difference in the 
grain growth was also clearly observed as the calcination temperature increased. At the same 
calcination temperature the γ-Al2O3-doped samples have smaller average grain sizes (~1µm) 
than those of the α-Al2O3-doped samples (~1.5µm), as shown in Figs. 3.2b and 3.2c. This 
difference in grain size would be caused by the boundary pinning effect of the ZnAl2O4 
nanoprecipitates during grain growth [71]. These results indicate that the formation rate of 
ZnAl2O4 is closely correlated to the phases of the Al2O3precursors, and this will be discussed in 
the following section with relation to the kinetic calculation. 
3.3.2 Thermoelectric properties 
 
 30 
 
 
Fig. 3.3 Temperature dependence of the electrical conductivity of α/γ-Al2O3-doped ZnO samples. The 
inset shows the electrical conductivity at 1173 K as a function of the calcination temperature. 
Fig. 3.3 shows the temperature dependence of the electrical conductivity (σ) of α/γ-Al2O3-
doped ZnO samples. All the investigated samples showed a semiconducting behavior over the 
whole measured temperature range, i.e. the electrical conductivity increases with increasing 
temperature. The calculated activation energy for electronic conduction of the α-1073 sample 
changed from ~17 meV to ~304 meV at and above 770 K. With increasing calcination 
temperature, this change became less pronounced suggesting that more carriers are available for 
conduction. For both α- and γ-Al2O3-doped ZnO samples, the electrical conductivity increased 
with increasing calcination temperature. The σ values of the γ-1073 and γ-1173 samples are 
notably higher than those of the α-1073 and α-1173 samples, respectively. Shown in the inset of 
Fig. 3.3 is the electrical conductivity, which was extracted from the data at 1173 K, as a function 
of the calcination temperature. It appears that the change of σ is consistent with the change of the 
unit cell volume (Fig. 3.1b), which could be attributed to the Al substitution at the Zn-site 
according to the following equation [72]: 
     
   
        
          
  
 
 
       (3.1) 
From Eq. 3.1, one can see that the substitution of Zn
2+
 by Al
3+
 is the reason for the unit cell 
volume shrinkage which may result in the increase in the donor impurity concentration [73], thus 
providing excess charged carriers available for electrical conduction. 
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Fig. 3.4 Temperature dependence of the Seebeck coefficient of α/γ-Al2O3-doped ZnO samples. The inset 
shows the Seebeck coefficient at 1173 K as a function of the calcination temperature. 
Fig. 3.4 shows the temperature dependence of the Seebeck coefficients, S, of the α/γ-Al2O3-
doped samples. The S values of all the samples are negative over the whole temperature range 
examined, indicating n-type conduction. As shown in the inset of Fig. 3.4, at 1173 K, the α/γ-
Al2O3-doped samples exhibit a monotonic decrease of S with increasing calcination temperature. 
According to Jonker and the Pisarenko relation, a simple broad band model for extrinsic n-type 
semiconductors with negligible hole conduction can describe this behavior [74],
 
           (3.2) 
         
  
 
  
 
   
     (3.3) 
where n is the carrier concentration, e is the electric charge of the carrier, µ is the mobility, A’ is 
a constant, T is the absolute temperature, md
*
 is a density of the state (DOS) effective mass at the 
Fermi level. As the electrical conductivity (σ) and the Seebeck coefficient (S) are both a function 
of the carrier concentration (n), Eq. 3.2 and 3.3 clearly show that a higher n value causes an 
increase in σ but a decrease in |S|, which well explains the tendency observed in Fig.3.4. For 
example, the α-1273 sample with the highest electrical conductivity showed the smallest |S| in 
the investigated temperature region. 
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Fig. 3.5 Temperature dependence of the thermal conductivity of α/γ-Al2O3-doped ZnO samples. The inset 
shows the thermal conductivity at 1173 K as a function of the calcination temperature. 
The total thermal conductivity () of the sintered samples using different α/γ-Al2O3 and 
various calcination temperatures is shown in Fig. 3.5. In general,  rapidly decreases with 
increasing temperature, which is in good agreement with the result reported by Ohtaki et al [51]. 
It can also be seen from Fig. 3.5 that  tends to increase with increasing calcination temperature. 
We estimated the electronic contribution κe using the Wiedemann–Franz law and found that the 
increase in κ with increasing calcination temperature is attributed to the increase in κe, 
particularly in the high temperature region. Although the total κ values at 1173 K as a function of 
the calcination temperature (see Fig. 3.5 inset) appeared to be virtually the same for both α- and 
γ-Al2O3-doped samples, the lattice thermal conductivity, κL, of the samples at 1173 K was 
somewhat smaller for the γ-1073 and γ-1173 samples (5.06 Wm-1K-1 and 5.15 Wm-1K-1, 
respectively) than those of the α-1073 α-1173 samples (5.31 Wm-1K-1 and 5.43 Wm-1K-1, 
respectively). As illustrated by the microstructure in Fig. 3.2, the reason for the lower 
conductivity in the γ-1073 sample as compared with the α-1073 sample is probably due to the 
formation of disperse ZnAl2O4 nanoprecipitates in γ-1073 sample which might act as a phonon 
scattering center. 
 33 
 
 
Fig. 3.6 Temperature dependence of the power factor of α/γ-Al2O3-doped ZnO samples. The inset shows 
the power factor at 1173 K as a function of the calcination temperature. 
The power factor, S
 2σ, of the samples is presented in Fig. 3.6. It shows that the power factor 
values of γ-1073 and γ-1173 are notably higher than that of α-1073 and α-1173. Also, the power 
factor monotonically increases with increasing calcination temperature, as shown in the inset of 
Fig. 3.6. The higher power factor observed for the γ-Al2O3-doped samples was mainly due to the 
increase in their electrical conductivity as compared to that of the α-Al2O3-doped samples. At 
1173K, the highest power factor of ~8.31×10
-4
Wm
-1
K
-2
 measured in this study is comparable to 
the value of ~8 – 15×10-4 Wm-1K-2 reported by Ohtaki et al [50] and the value of ~8.3×10-4Wm-
1
K
-2
 reported by Jood et al [54] for Al-doped ZnO. 
 
Fig. 3.7 Temperature dependence of zT of α/γ-Al2O3-doped ZnO samples. The inset shows the zT values 
at 1173 K as a function of the calcination temperature. 
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The dimensionless figure of merit, zT, is given in Fig. 3.7, showing that the zT values of γ-
1073 and γ-1173 are also higher than those of α-1073 and α-1173. At 1173K, the γ-1173 sample 
with the highest power factor attained a zT of 0.17, which is about 27% higher than that for the 
α-Al2O3-doped counterpart at the same temperature. The highest zT value of our sample is on the 
same order of the one reported by Ohtaki et al [50] at the same temperature.  It should be noted 
here that the higher zT value (zT ~ 0.44 at 1000 K) reported by Jood et al is mainly due to the 
suppression in the thermal conductivity of the sample by nanostructuring [54]. Nevertheless, our 
zT value is higher than the ones reported by Cai et al [72] and Tanaka et al [75] at the same 
temperature. 
3.3.3 Theoretical analysis and discussions 
According to the above results, we found that the ZnO samples doped with γ-Al2O3 showed a 
better thermoelectric performance compared to those doped with α-Al2O3, when calcined at a 
temperature lower than 1273 K. At a calcination temperature higher than 1273 K, the difference 
in the thermoelectric properties gradually diminishes due to the intrinsic phase transformation of 
γ-Al2O3 to α-Al2O3. 
To understand these observations, we looked into the kinetics and mechanism of the reaction 
between ZnO and Al2O3. The formation of the secondary phase, ZnAl2O4, resulting from the 
reaction between ZnO and Al2O3 is well known, and can be represented as follows: 
                     (3.4) 
It should be noted that the formation of ZnAl2O4 cannot be avoided during the preparation 
process of Al-doped ZnO [54,64,65]. The limited solubility of Al atom into ZnO [69] could be 
one of the reasons. According to the thermodynamics description of the reaction (Eq. 3.4) 
suggested by K. T. Jacob [66], the standard Gibbs free energy change (ΔG) of the ZnAl2O4 
formation from the reaction of α-Al2O3 and ZnO equals -45.0081+0.0066T kJ, indicating that the 
formation of ZnAl2O4 is favored from room temperature to far above 1673 K (ΔG ˂ 0). The 
reaction rate is kinetically controlled by solid state diffusion [68,76]. 
 
Fig. 3.8 (a) The calculated reaction time course as a weight fraction of reacted Al2O3 for the ZnAl2O4 
formation. (b) The percentage of reaction completed after1 hour as a function of the calcination 
temperature. 
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Fig. 3.8 shows the calculated reaction time course of ZnAl2O4 formation using Jander’s 
model for powder reactions. According to this model, it is assumed that Al2O3 particles are 
embedded in a quasi-continuous ZnO medium. The reaction rate of the ZnAl2O4 formation from 
ZnO and Al2O3 is diffusion-controlled and hence follows a parabolic rate law: 
        
 
  
 
          
     (3.5) 
where W is the weight fraction of the reacted Al2O3, kp is the practical parabolic rate constant, t is 
the reaction time and ro is the particle size of Al2O3 powder. The practical parabolic rate constant 
kp follows the Arrhenius law: 
      
 
  
       (3.6) 
where A is pre-exponential factor (a term which includes factors like the frequency of collisions 
and their orientation), Ea is the activation energy, R is the gas constant, T is temperature. By 
combining Eq. 3.5 and Eq. 3.6, one can obtain: 
             
 
    
  
      
        (3.7) 
According to the experimental data reported by Tsuchida et al [68], the parameters of A and 
Ea can be obtained by Arrhenius fitting. A equals 18076 µm
2
 min
-1
. Ea for α-Al2O3 and γ-Al2O3 
equals 4.9 and 2.04 eV, respectively. ro equals the average particle size of Al2O3 powder. Using 
Eq. 3.7, the reacted Al2O3 fraction can be plotted as a function of time. As shown in Fig. 3.8a, 
the reaction rate of γ-Al2O3 with ZnO is significantly higher than that of α-Al2O3 at the same 
temperature due to the lower activation energy of γ-Al2O3. From these data, we calculated the 
percentage of reaction completed after1 hour as a function of the calcination temperature, and the 
results are shown in Fig. 3.8b. A clear correlation was found between the percentage of the 
reacted Al2O3 and the thermoelectric properties of these samples. The α-1073 sample with the 
smallest calculated percentage of the reacted Al2O3 showed the lowest σ values, while the α-1273 
and γ-1173 samples with almost fully reacted Al2O3 showed relatively high σ. Accordingly, the 
electrical conductivities of the γ-1073/1173 samples were higher than those of the α-1073/1173 
samples (Fig. 3.3). Also, the smaller grains size of the γ-Al2O3-doped samples compared to that 
of the α-Al2O3-doped ones may be explained by a stronger boundary pinning effect during grain 
growth caused by a larger number of ZnAl2O4 nanoprecipitates. This is presumably due to the 
faster reaction and larger fraction of ZnAl2O4 formation for the γ-Al2O3-doped samples. 
3.3.4 Doping mechanisms of Al2O3 into ZnO 
 The detailed mechanisms of the reaction between ZnO and Al2O3 have already been studied 
by Branson [76] and Tsuchida et al [68]. Branson carried out marker transport experiments at the 
interfaces between ZnO, ZnAl2O4 and Al2O3, and pointed out that the formation of ZnAl2O4 is a 
result of Zn ions diffusing into Al2O3. Later, Tsuchida et al. not only showed evidence to support 
this result but also revealed the reason for the ZnAl2O4 formation speed. They pointed out that 
the reaction of α or γ-Al2O3 with ZnO resulted in different degrees of crystallinity of the product 
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layers, i.e. formation of ZnAl2O4 as “hereditary structure” [68]. Owing to the different degrees of 
crystallinity, the diffusivity of Zn ions in ZnAl2O4 can be varied. As a result, in the γ-Al2O3, the 
formation of a defect ZnAl2O4 layer with a higher diffusivity of the Zn ions is observed. 
Correspondingly, α-Al2O3 results in a nearly perfect, defect free ZnAl2O4 structure with a lower 
diffusivity of the Zn ions and higher activation energy.  
 
Fig. 3.9 A modified schematic diagram for the solid-state reaction process of ZnO and Al2O3 based on 
Branson’s investigation. 
However, the faster formation of the ZnAl2O4 phase is not likely to be the direct reason for 
the increase of the electrical conductivity in the γ-Al2O3-doped samples, since the ZnAl2O4 phase 
is reported to be unfavorable for the electrical conductivity [50].  By comparing Fig. 3.1b and 
3.8b, the unit cell volume shrinkage increases along with increasing the ZnAl2O4 phase 
formation, indicating that the substitution of Al for Zn simultaneously occurred during the 
formation of the ZnAl2O4 phase, which can be represented as: 
    
  
 
 
  
   
       
    
         (3.8) 
According to the previous investigations by Branson, the diffusion of Al toward ZnO does not 
contribute to the formation of ZnAl2O4 [76]. His explanation of the reaction between ZnO and 
Al2O3 did not take the Al diffusion into consideration. From our experimental results and 
investigations by other groups who observed the existence of Al diffusion into ZnO using 
HRTEM [77], a modified Branson’s schematic diagram of the reaction process is proposed and 
the details is presented in Fig. 3.9. It includes a counter-diffusion between ZnO and Al2O3. The 
formation of ZnAl2O4 is only caused by the diffusion of Zn to Al2O3, while the Al substitution 
for Zn results from the diffusion of Al into ZnO.  The disordered structure of γ-Al2O3 may lead to 
the disordered product layers of ZnAl2O4. The Al and Zn ions would be easier to diffuse through 
the disordered product layer. It promotes both the formation of ZnAl2O4 and the substitutions of 
Al for Zn as donor impurities in ZnO, thus resulting in enhanced grain boundary pinning by 
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ZnAl2O4 and the observed higher electrical conductivity of the γ-Al2O3-doped ZnO than that of 
the α-Al2O3-doped counterpart. 
3.4 Conclusions 
In summary, we observed a close correlation between the thermoelectric properties, 
microstructure evolution, and the solid state reaction kinetics of the ZnAl2O4 formation using 
Jander’s solid-state reaction model. At a given calcinations temperature, the addition of γ-Al2O3 
resulted in a larger fraction of the ZnAl2O4 formation in the Al-doped ZnO samples, which also 
inhibited the grain growth and slightly reduced the lattice thermal conductivity. The higher 
diffusion rate of Al observed for the γ-Al2O3 resulted in a larger unit cell volume shrinkage and 
higher electrical conductivity as compared with the α-Al2O3-doped ZnO. As a consequence, γ-
Al2O3-doped ZnO exhibited a higher zT than the α-Al2O3-doped counterpart under the same 
preparation conditions with calcination temperatures lower than 1273 K. 
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Chapter 4 The Influence of Spark Plasma Sintering 
Temperature on the Microstructure and the Thermoelectric 
Properties of Al, Ga dually-doped ZnO 
 
 
 
 
 
Abstract: 
ZnO dually-doped with Al and Ga was prepared by spark plasma sintering with different 
sintering temperatures. The microstructural evolution and thermoelectric properties of the 
samples were investigated in detail. The samples with a sintering temperature above 1223K 
obtained higher relative densities and higher electronic conductivity than the sample sintered at 
1073K. These results were supported by solid-state-reaction completion rate which suggested 
that the sintering temperature above 1223K would be preferable for the complete solid state 
reaction of the samples. The sintering mechanism of ZnO particles and microstructure evolutions 
at different sintering temperatures were investigated by the simulation of the self-Joule-heating 
effect of the individual particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work discussed in this chapter is published in: L. Han, T. H. Le, N. V. Nong, N. Pryds 
and S. Linderoth, J. Electron. Mater., 2013, 42, 1573. [78]  
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4.1 Introduction 
Thermoelectric materials have received increasing attention for their wide applications such as 
radioisotope thermoelectric generators used for space probes or energy recovery systems from 
waste heat [79]. The conversion efficiency of thermoelectric modules depends on its operating 
temperature, with higher temperature yielding higher efficiency, as well as the materials figure of 
merit (zT). Thus the development of high temperature thermoelectric materials may be of 
considerable value in practical applications. High-temperature stable, non-toxic and low-cost 
zinc oxide (ZnO) is a promising candidate of n-type thermoelectric materials for such 
applications [10,63,65,80]. It has been reported by Ohtaki et.al [51] that dual doping of ZnO with 
Al and Ga resulted in a large enhancement on the zT = 0.47 at 1000 K and 0.65 at 1247 K for the 
composition of Zn0.96Al0.02Ga0.02O using conventional pressing techniques. However, the 
conventional sintering process such as hot pressing of doped ZnO requires a long processing 
time at high temperature, a process which limit one from controlling the grain size. Spark plasma 
sintering (SPS) is an alternative advanced sintering method. It simultaneously applies a high-
intensity pulsed direct current and uni-axial pressure to the sample during the sintering process, 
which offers the possibility to densify the samples within a short time at a relatively lower 
temperature compared with conventional sintering method [62]. 
The present study is aimed to investigate the influence of SPS sintering temperature on the 
thermoelectric properties and the microstructure evolution of Zn0.96Al0.02Ga0.02O, and to 
understand the sintering mechanism. This is done by relating the experimental observations to 
theoretical analysis of solid-state-reaction kinetics and temperature distribution in the particles. 
4.2 Experimental Procedure 
The starting materials used in these investigations are: ZnO (99.9% -200 Mesh Powder, Alfa-
Aesar), γ-Al2O3 (99.5% 40-80 nm APS Powder, Alfa-Aesar), and Ga2O3 (99,99% -50 Mesh 
Powder, Alfa-Aesar).  
The synthesis of Al, Ga co-doped ZnO ceramics (Zn0.96Al0.02Ga0.02O): γ-Al2O3 and Ga2O3 
were mixed with ZnO at a molar ratio of 1:1:96 (the atomic ratio of Al:Ga:Zn = 2:2:96) by 
ethanol-aided roll milling using ceramic balls for 24 h. The resulting mixtures were then dried at 
room temperature for 24 h followed by further drying at 403 K for 3 h. The dried powders were 
sieved using a 300 mesh, corresponding to a mean particle size of 48µm. The precursors were 
put into graphite die and sintered by spark plasma sintering (SPS). The SPS units of Dr Sinter 
515S (Syntex Inc., Japan) was used, with a pulsed direct current regulated by on:off settings, 
each pulse lasts 3.3 ms and has a 12:2 on:off ratio. For the sintering parameters, a constant 
uniaxial pressure of 50 MPa, was used. The sintering temperatures were chosen to be 1073, 1173, 
1223, and 1273 K. The four sintered samples are made and denoted as SPS1073K, SPS1173K, 
SPS1223K, and SPS1273K according to their corresponding sintering temperatures. A constant 
ramping rate of 130 K/min was used for all the samples. The samples are sintered in vacuum 
with a holding time of 8 min. 
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These samples were examined by power X-ray diffraction (XRD) on a Bruker D8 
diffractometer (Bruker, Germany) using Cu-Kα radiation. The densities of the samples were 
measured by Archimedes’ method using water with surfactant. A scanning electron microscope 
(SEM) (Supra, Carl Zeiss, Inc. Germany) was used to observe the microstructures of the samples. 
The measurements of the electrical resistivity and the Seebeck coefficient were carried out on an 
ULVAC-RIKO ZEM-3 from room temperature up to 1173 K under a low pressure of helium. 
The thermal conductivity was determined from the thermal diffusivity obtained by the laser flash 
method (a Netzch FLA-457) and the specific heat capacity calculated by the Dulong-Petit 
relation. 
4.3 Results and Discussion 
4.3.1 Structural properties 
 
Fig. 4.1 (a) XRD patterns of Zn0.96Al0.02Ga0.02O with different sintering temperatures (from 1073 to 1273 
K). The left and right dotted box magnified as the inset shows the position of the strongest peaks from 
ZnGa2O4 and ZnAl2O4, respectively. (b) The lattice parameters and unit cell volume of Zn0.96Al0.02Ga0.02O 
samples with different sintering temperatures. 
Fig. 4.1a displays the X-ray diffraction patterns of these samples sintered after SPS, showing 
that most of the observed XRD peaks can be identical to those of pure ZnO phase (ICDD card 
PDF#36-1451). The left and right inset of Fig. 4.1 magnifies the 2θ positions at 35.69o and 
36.87
o
, where two the strongest peaks will show up if the sample contains impurity phases of the 
ZnGa2O4 and ZnAl2O4, respectively. From these patterns it is clear that no peaks can be observed 
for either the ZnAl2O4 or the ZnGa2O4 phase. However, detailed chemical analysis using SEM-
EDX (refer to Chapter 3.3) indicated that these phases may still exist and the reason for not 
seeing them by XRD is due to the fact that their content is below the detection limit of XRD 
analysis method. 
Fig. 4.1b shows the refined lattice parameters and unit cell volumes of theses sintered samples 
as a function of sintering temperature. The unit cell volumes of theses samples are all smaller 
than that of pure ZnO (~47.77×10
-3
 nm
3
 as reported by Jood et al [10]), suggesting that the 
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decrease of the unit cell volume may originate from the substitutions of Al
3+ 
and Ga
3+
 at Zn-sites 
since the ionic radius of Al
3+
 (0.039 nm, 4-fold coordination) and Ga
3+
 (0.047 nm, 4-fold 
coordination) are smaller than that of Zn
2+
 (0.060 nm, 4-fold coordination) [70]. It can also be 
observed that the unit cell volume slightly increase with the sintering temperature, which is 
different from our previously observed monolithic decrease of unit cell volume of Al doped ZnO 
[56]. This difference should be attributed to the interaction between Ga
3+
 and Al
3+
 (the Ga
3+
 is 
larger than Al
3+
 in ionic radius), although further investigations are needed. 
 
Fig. 4.2. SEM photographs of the fracture surfaces of Zn0.96Al0.02Ga0.02O with different sintering 
temperatures of (a) 1073K, (b) 1173K, (c) 1223K, and (d) 1273K . 
Figs. 4.2a-d shows the SEM micrographs of fracture surfaces of Zn0.96Al0.02Ga0.02O samples 
sintered at different temperatures. The samples became denser with the increasing sintering 
temperature. This is consistent with the densities measured by Archimedes’ method: the relative 
densities measured are 89.17, 93.95, 99.06 and 99.75% for the samples sintered at 1073K, 
1173K, 1223K and 1273K, respectively. As clearly seen in Fig. 4.2a for the sample sintered at 
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1073K, the ZnO particles are partly connected to each other resulting in a relatively large amount 
of pores trapped in between. For the samples sintered at a temperature of 1223K and 1273K 
(Figs. 4.2c,d), ZnO grains with an average size of 1~2µm were observed. Interspersed nano-sized 
grains that precipitate within the ZnO grain interiors or at the grain boundaries can be seen from 
these fractured surfaces as shown in the inset of Fig. 4.2d. 
4.3.2 Thermoelectric properties 
 
Fig. 4.3 Temperature dependence of (a) the electrical conductivity, and (b) the Seebeck coefficient of 
Zn0.96Al0.02Ga0.02O samples with different sintering temperatures. 
Fig. 4.3a shows the temperature dependence of the electrical resistivity (ρ) of 
Zn0.96Al0.02Ga0.02O samples. All the investigated samples showed a metallic behavior over the 
whole measured temperature range, i.e. the resistivity increases with increasing temperature. The 
electrical resistivity seems to decrease with increasing sintering temperature. The decrease in ρ 
with increasing sintering temperature may be associated with the densities of the sintered 
samples. Accordingly, the SPS1073K sample with the lowest density showed the highest value 
of electrical resistivity, while the other samples sintered at higher temperatures resulted in higher 
densities and lower values of electrical resistivity. On the other hand, the decrease of electrical 
resistivity could be attributed to the increase in carrier concentration. During solid state reaction 
of Al2O3, Ga2O3 and ZnO, the increase of the sintering temperature probably results in more Al 
and Ga impurities which go into the ZnO structure leading to a higher carrier concentration and 
as a result, the electrical resistivity decreases with the increasing sintering temperature, as shown 
in Fig. 4.3a. This effect is not completely clear yet and further investigations to determine the 
carrier concentration (Hall measurements) at different sintering temperatures are the planned 
future work. The reaction rate of the system at various temperatures will be also treated using the 
Jander’s model in the following section to support these observations. 
Fig. 4.3b shows the temperature dependence of the Seebeck coefficients, α, of the 
Zn0.96Al0.02Ga0.02O samples. The α values of all the samples are negative over the whole 
examined temperature range, indicating n-type conduction. The absolute values of α of 
SPS1073K sample are notably smaller than the other samples. This may be caused by the 
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incomplete densification and poor connections of the particles inside the sample as shown by the 
microstructure image in Fig.4.2. When the sintering temperature increased to 1173K, the sample 
showed the highest |α| values. However, with further increasing the sintering temperature the |α| 
values slightly drop. As discussed above, this may be due to the increase of carrier 
concentrations (n) with the increasing of sintering temperature. The increase in carrier 
concentration causes a decrease in electrical resistivity leading to a decrease of the seebeck 
coefficient, as can also be seen from the Pisarenko relation, 
          
  
 
  
 
   
     (4.1) 
where A’ is a constant, T is the absolute temperature, md
*
 is the effective mass at the Fermi level. 
 
Fig. 4.4 Temperature dependence of (a) the power factor, and (b) the thermal conductivity of 
Zn0.96Al0.02Ga0.02O samples with different sintering temperatures. 
The power factor, S
 2σ, of the samples is presented in Fig. 4.4a. As reflected by the resistivity 
and the Seebeck measurements the power factor values of SPS1173K, SPS1223K, and 
SPS1273K are notably higher than that of SPS1073K. Also, the power factor values of 
SPS1223K are similar to that of SPS1273K.  
The total thermal conductivity () of the sintered samples is shown in Fig. 4.4b. In general,  
rapidly decreases with increasing temperature, which is in good agreement with the result 
reported by Ohtaki et al [51]. It can also be seen that the  values increased with increasing 
sintering temperature. Not surprising the  values of SPS1073K is notably lower than that of 
other samples. The increase in κ with increasing sintering temperature is attributed to the 
decrease of porosities as illustrated by the microstructure in Fig. 4.2. Comparing the thermal 
conductivity values we previously measured for Al-doped ZnO [56], the dual doping (Al, Ga) 
appears not to affect the thermal conductivity of ZnO. 
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Fig. 4.5 Temperature dependence of zT of Zn0.96Al0.02Ga0.02O samples with different sintering 
Temperatures. 
The dimensionless figure of merit, zT, is given in Fig. 4.5, showing that the zT values of the 
SPS1173K, SPS1223K and SPS1273K are higher than that of SPS1073K. The sample 
SPS1073K has the lowest zT value due to its lowest electrical properties even though it has a low 
thermal conductivity. The other three samples obtained the similar zT values mainly due to the 
trade-off relationships of thermal conductivity and electrical properties. At 1173K, the 
SPS1223K sample attained a zT of 0.14, which is about 35% higher than that of the 
SPS1073Ksample at the same measurement temperature. Comparing the zT we previously 
obtained by Al doped ZnO (zT = 0.17 at 1173K), the results here are somewhat lower. This is 
mainly due to the decreased power factor and unaffected thermal conductivity by Al and Ga 
dually doping. The reason for this is still not clear. The doping mechanism of Ga and the 
corresponding influence on thermoelectric properties needs to be further studied. 
4.3.3 Theoretical Analysis and Discussion 
The different microstructures and thermoelectric properties of Zn0.96Al0.02Ga0.02O samples 
should be attributed to the different SPS sintering temperatures. Due to the special features of 
SPS, the sintering process remained a ‘black box’ from direct observation. However, modeling 
and calculation offered useful tools for understanding the sintering process. Using the Jander’s 
solid state reaction model, the reaction completion rate can be calculated [56]. The temperature 
distribution in ZnO particles can also be estimated using a method previously reported by Song 
et al [81].  
4.3.3.1 The different reaction completion rate of ZnO and Al2O3 at various temperatures 
The reaction between ZnO and Al2O3 is well known, and can be represented as follows: 
                      (4.2) 
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It has been reported that the reaction progress follows Jander’s solid state reaction model 
[68,76]. In this model, it is assumed that Al2O3 particles are embedded in a quasi-continuous 
ZnO medium. The reaction rate of ZnAl2O4 formed from ZnO and Al2O3 is diffusion-controlled 
and hence follows a parabolic rate law: 
        
 
  
 
          
          (4.3) 
where W is the weight fraction of the reacted Al2O3, kp is the parabolic rate constant, t is the 
reaction time and ro is the particle size of Al2O3 powder. The practical parabolic rate constant kp 
follows the Arrhenius law,  
      
 
  
              (4.4) 
where A is pre-exponential factor, Ea is the activation energy, R is the gas constant, T is 
temperature. By combining Eq. 4.3 and Eq. 4.4, one can obtain the following equation, 
             
 
    
  
      
            (4.5) 
 
Fig.4.6 (a) The calculated reaction time course as a weight fraction of Al2O3 reacted with ZnO. (b) The 
calculated weight fraction of Al2O3 reacted with ZnO as a function of sintering temperature. 
The parameters A and Ea were taken from Tuchida’s previous experimental results on γ-
Al2O3 with ZnO [68] which found to be, A equals 18076 µm
2
 min
-1
 and Ea equals 2.04 eV 
respectively. ro is the average particle size of the Al2O3 powder, and its value is 60nm in this 
study. Using Eq. 4.5, the fraction of the reacted Al2O3 can be plotted as a function of time, as 
shown in Fig. 4.6a. The reaction speed of ZnO and Al2O3 is correlated well with a sintering 
temperature, i.e. increasing reaction speed with increasing sintering temperature. At 1273 K, the 
reaction speed is much higher than that at 1073 K. Keeping the sintering time constant at 8 min, 
the sample sintered at1273 K show nearly 100% reaction of Al2O3 with ZnO while the sample 
sintered at 1073 K has showed only 36%. It indicates that the Al2O3 does not fully react with 
ZnO in the samples sintered in a temperature lower than 1273 K within 8 min. This is consistent 
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with the experimental results: the resistivity decreases with an increasing sintering temperature. 
The substitution of Al ion with Zn ion happens along with the solid state reaction between ZnO 
and Al2O3, it induces donor impurities which provide excess electron carriers for electronic 
conduction, thus reduces the resistivity. By increasing the sintering time to 15 or even 30 min, as 
shown in Fig.4.6b, the weight fraction of Al2O3 reacted at 1073K increases from 36% to 62%. 
Much longer time is thus needed for a complete reaction. Only the samples sintered in a 
temperature higher than 1173 K can reach the reaction completion within 30 min. As a 
conclusion, a sintering temperature above 1173 K is much preferred for the complete solid state 
reaction of Zn0.96Al0.02Ga0.02O by SPS. As we previously reported the sintering conditions of 
Zn0.98Al0.02O [56], the thermoelectric properties were also improved by the complete solid state 
reaction of ZnO and γ-Al2O3 by calcination at 1173K for 1h. 
As for the influence of Ga on the reaction kinetics, to our knowledge, the solid state reaction 
kinetics of ZnGa2O4 formation has not yet been investigated. In the near future we will carry out 
further investigations of ZnGa2O4 formation kinetics and the results will be updated accordingly. 
4.3.3.2 The self-Joule-heating effect of the particles  
During the sintering process using the SPS, a pulsed direct current passes through the 
graphite die and the sample (if the sample is electrically conductive), simultaneously generates 
Joule-heat. Calculating the effect of self-Joule-heating of the particles can provide insight into 
the sintering mechanism of ZnO particles; thereby help explaining the microstructure evolution 
of the samples sintered at different temperatures. The detailed derivations of the calculation can 
be found elsewhere [81,82].  
 
Fig. 4.7 A schematic of the sintering setups and the assumed ZnO sphere stacks. 
A schematic of sintering setup of SPS are illustrated in Fig. 4.7. The total intensity of the 
output current during the sintering is denoted by IT, it consists of two parts, Id and Is, which 
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passes though the graphite die and the sample respectively. Their relationship follows Eq. 4.6 
due to the parallel connection of the resistances between the sample (Rs) and the die (Rd): 
      
    
         
    
       
             
         (4.6) 
where Ss and Sd are the cross-sectional areas and ρs and ρd are the resistivity of the sample and 
the die respectively. Assuming the ZnO particles are uniformly stacked spheres with the same 
particle radius (r), as shown in Fig. 4.7. The local intensity of the current that passes through a 
single ZnO particle, Ip, can be estimated by 
      
    
  
          (4.7) 
where d is the diameter of the sample. The temperature-increase (ΔT) of the particles as a 
function of distance from the contacting surface (“necking”) follows the equation: 
   
  
  
 
  
       
       
          
         (4.8) 
where Δt is the duration of the pulsed current, CP is the specific heat capacity at constant 
pressure of ZnO, ρm is the density of ZnO, x is the distance to the contacting surface. The 
parameters used in this model are listed in Appendix A. 
 
Fig. 4.8 (a, b, c) the calculated distributions of temperature-increase (ΔT) in ZnO particle (a) at the early 
stage of sintering, (b) half-sintered, and (c) fully sintered, To is the background temperature, IT is the total 
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current intensity, and Dp is the displacement percentage of the sample. (d), (e), and (f) are the 
corresponding plotted diagrams of (a), (b), and (c). 
Based on the sintering temperature (To), the total current intensity (IT), and the displacement 
percentage (displacement vs. maximum displacement) of the sample (Dp) extracted from the 
sintering profile of the sample SPS1273K, the calculated results are shown in Fig. 4.8. At the 
early stage of sintering, when To = 973K, IT = 800A, Dp = 0, and the displacement is just about to 
start, there is a considerably high ΔT at the contacting surface of the two particles as shown in 
Fig. 4.8a, d. The highest ΔT which is above 1000K strongly stimulates the sintering of ZnO 
particles. When the sintering proceeds to To = 1073K, IT = 1050A, Dp = 0.46, the distribution of 
ΔT becomes broadened due to the dissipation of heat, although ΔT at the contacting surfaces is 
still as high as 760K. When the sample is fully sintered at To = 1273K, IT = 900A, Dp = 1, ΔT 
drops below 10K and the heat is distributed homogenously in the sample.  
 
Fig. 4.9 (a) the fracture surface of the sample sintered at 1073 K with the arrow pointing at a typical 
contacting surface of two ZnO particles. (b) The simulated distribution of temperature increase near the 
contacting surface in (a) pointed by the arrow. 
Fig. 4.9 shows the predicted ΔT distribution of two ZnO particles sintered at 1073K as shown 
in the SEM image. A typical contacting surface is chosen as shown in Fig. 4.9a. Given a 
sintering temperature of 1073K (To = 1073K), the ΔT distribution near the contacting surface 
varies with different total current intensity (IT). The highest ΔT at the contacting surface exceeds 
700K when IT = 1050A, while it drops to lower than 300K when IT = 600A. The input figures of 
IT (600A, 850A, 1050A) are extracted from the sintering profiles (SPS1073K, SPS1173K, 
SPS1273K, respectively), so their corresponding local Joule-heat effect are simulated as shown 
in Fig. 4.9b. The simulation provides an insight to the microstructure evolution during the 
different sintering temperatures: For the samples sintered above 1173K, high intensity of pulsed 
current was applied to the sample during the sintering process and resulted in rather high ΔT 
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which promoted the sintering of the particles. Once the intensity of the current decreased, the 
solid mass diffusion would slow down rapidly due to the rapid dropping of Joule-heat generated 
at the contacting surface. This hindered the particles to be fully sintered within a desired time. 
The calculated results also suggest a possibility of manipulating the sintering process by 
controlling the current. 
Comparing with conventional sintering method, SPS has the advantage of densifying a sample 
in a much shorter time with the help of the pulsed direct current through the sample. However, 
according to our calculation, the self-Joule heating effect became hardly pronounced after the 
sample already became fully densified as shown in Fig.4.8c,f. Moreover, the holding time of SPS 
takes only a few minutes while the holding time of e.g. hot-pressing usually takes hours for mass 
diffusion. Thus there could be an issue of inhomogeneity when using SPS.  
4.4 Conclusion 
Al, Ga dually-doped ZnO with the composition of Zn0.96Al0.02Ga0.02O was prepared by spark 
plasma sintering with different sintering temperatures of 1073, 1173, 1223 and 1273K. The 
observed microstructure of the samples sintered above 1223K showed higher relative densities 
compared with the sample sintered at 1073K. The sample sintered at 1073K has the lowest zT 
value due to its lowest electrical properties (high porosity) even though it has a low thermal 
conductivity. The other three samples obtained similar zT values mainly due to the trade-off 
relationships of the thermal conductivity and the electrical properties. The calculated results of 
solid-state-reaction completion rate suggested that the sintering temperature above 1223K would 
be preferable for the complete solid state reaction of the samples. The simulation of self-Joule-
heating effect of the particles of the samples showed that, for the samples sintered at higher 
temperatures, the higher intensities of pulsed current applied to the sample could result in rather 
high temperature increase near the particles contact surfaces which strongly promoted the 
sintering of the particles. However, the influence of Ga doping on the thermoelectric properties 
of Al, Ga dually doped ZnO needs to be further studied. 
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Chapter 5 Effects of morphology on the thermoelectric 
properties of Al-doped ZnO 
 
 
 
 
Abstract: 
The nanoparticles of Al-doped ZnO were successfully grown into rod-like and platelet-like 
morphologies by soft chemical routes. These powders were consolidated using spark plasma 
sintering (SPS) technique. The samples consolidated from rods and platelets exhibited 
characteristic structures with preferential orientation while the sample consolidated from 
nanoparticles did not show any sign of preferential orientation. The measured zT values along the 
preferred orientation directions were found to be 0.16 and 0.25 at 1223 K for the samples 
consolidated from rods and platelets, respectively. The sample consolidated from nanoparticles 
exhibited fine grains and highly distributed nanoprecipitates, resulting in a zT value of 0.3 at 
1223 K due to the lower thermal conductivity resulting from nanostructuring. Using the simple 
parabolic band model and Debye-Callaway thermal transport model, the anisotropic properties of 
the nanostructured samples were elucidated and the influence of the grain size and 
nanoprecipitates on the electron and phonon transport was analyzed and discussed in detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work discussed in this chapter is published in: L. Han, N. V. Nong, W. Zhang, T. H. Le, 
T. Holgate, K. Tashiro, M. Ohtaki, N. Pryds and S. Linderoth, RSC Adv. 4, 12353 (2014). [7] 
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5.1 Introduction 
Thermoelectricity provides a promising opportunity for recovering electrical power from 
waste heat [5,22,83,84]. It improves the energy efficiency of many systems and reduces CO2 
emission. For industrial processes like those involving petroleum, steel manufacturing, 
transportation etc., there is an abundance of exploitable high temperature (above 500 ºC) waste 
heat, which may be converted to usable electrical power by high temperature thermoelectric 
power generation. The conversion efficiency of a thermoelectric power generator is related to the 
dimensionless figure-of-merit (zT) of the constituent thermoelectric materials, depending on the 
intrinsic transport properties (i.e., the Seebeck coefficient (S), electrical conductivity (σ), and 
thermal conductivity (κ)) of the materials as zT=S2σT/κ. 
There are a few potential candidates for high temperature thermoelectric waste-heat recovery 
applications. Na doped PbTe–SrTe (4 mol%) holds the record for the highest thermoelectric zT 
value of 2.2 at 915 K [9], and SiGe [23,24], half-heusler alloys [85,86], multiple-filled 
skutterudites [87,88] were also reported to show zT values near or surpassing 1. However, a few 
issues like the price, toxicity and stability in air hinders the large-scale applications of these 
materials. Oxide thermoelectric materials are alternatives to these materials, and their 
constituting elements are generally more abundant, cheaper, and less toxic. However, relatively 
lower zT values (usually lower than 0.7) are a challenging problem and urge further 
improvements [27]. The state-of-the-art p-type oxide thermoelectric materials are the layered 
cobaltates, such as Ca3Co4O9-δ, which has been reported to show zT values of 0.45 at 1000 K and 
0.65 at 1247 K [11,28]. For  n-type oxide thermoelectric materials, the highest zT so far is 0.65 at 
1247K obtained by bulk Zn0.96Al0.02Ga0.02O [89]. 
ZnO is a wide direct band gap semiconductor with high electron mobility and thermal 
conductivity. It exhibits the most diverse and abundant configurations of nanostructures [90–94] 
and can be used for a wide range of applications including thermoelectrics. In technological and 
engineering perspectives, nanostructuring has been proven to provide an effective way to 
improve thermoelectric efficiency [8,16], and it has already been applied to ZnO-based materials 
[52–54]. Doping ZnO with Al at an optimum concentration resulted in one of the highest values 
of power factor among thermoelectric oxides due to its excellent charge carrier transport 
properties [35,95]. By introducing nanostructures using ZnO nanoparticles, Al-doped ZnO could 
obtain a low thermal conductivity of ~2 Wm
-1
K
-1
 at room temperature and a projected zT~0.44 at 
1000 K was reported [54].  
However, the complex correlations between the nanostructures and the thermoelectric 
properties of Al-doped ZnO were not yet fully elucidated. In order to quantitatively estimate the 
effect of the structural features including nanograins and nanoprecipitates on the electrical and 
thermal transport in a bulk Al-doped ZnO, we synthesized samples with uniform and textured 
grains instead of random grains by means of using spark plasma sintering in combination of 
starting particles with different morphologies: rods, platelets and nanoparticles. The 
thermoelectric properties of the samples were carefully measured and analyzed with 
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considerations of anisotropy. Microstructure information was used in the model analysis as well. 
The suppression of lattice thermal conductivity by introducing nanostructures was demonstrated 
and discussed using a phonon transport simulation. 
5.2 Experimental Procedure 
5.2.1 Preparation of samples 
The Al-doped ZnO nanoparticles were synthesized by a forced-hydrolysis method. Zinc 
acetylaceonate and aluminum nitrate at a molar ratio of 98:2 were dissolved in ethanol, and the 
solution was then refluxed. Another ethanol solution containing sodium hydroxide was added 
dropwise into the zinc acetylaceonate solution and the mixture was then refluxed for 1 h. After 
the reaction was completed, white precipitates were centrifugally washed several times with de-
ionized water and ethanol. The resultant nanoparticles were then used as seeds for the synthesis 
of Al-doped ZnO rods and platelets, as well as starting particles for sintering. The Al-doped ZnO 
rods were synthesized using the nanoparticles as a seed by hydrothermal method at 160 °C for 20 
h in a solution of 0.49 M ZnCl2, 0.01 mM AlCl3, (Zn/Al = 98:2) and 0.1 mM PEG20000 after 
adjusting the pH value to 7–8 using aqueous ammonia. The Al-doped ZnO platelets were also 
synthesized using the nanoparticles as a seed by hydrothermal method at 95 °C for 24 h in a 
solution of 0.49 M Zn(CH3COO)2•H2O, 0.01 M Al(NO3)3, (Zn/Al = 98:2), 0.1 M NaOH, and 
0.17 mM sodium citrate. After hydrothermal process, the formed precipitates were centrifugally 
washed several times with de-ionized water and ethanol, and then dried in vacuum. Fig. 5.1 
shows the schematic representation of formation of ZnO rods and platelets by hydrothermal 
synthesis. The reason why the nanoparticles were grown into rods is because in the wurtzite ZnO 
structure, the (001) surfaces are either Zn
2+
- or O
2-
- terminated, and during the growth process, 
these polarized planes attract OH
-
 or Zn
2+
 ions, whereby the crystal growth along the <001> 
direction occurs much faster than on the other surfaces of the crystal [96].
 
On the other hand, in 
the case of the platelets, covering the (001) surfaces by citrate ligands [97]
 
hindered the crystal 
growth along the <001> direction and the growth along other directions is relatively preferred, 
thereby resulting in a hexagonal plate-like shape.
 
 
Fig. 5.1 Schematic representation of ZnO rods and platelets formation by hydrothermal synthesis. 
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Eight grams of each of the as-prepared Al-doped rods, platelets, and nanoparticles was 
individually loaded into a cylindrical graphite die of 12.7 mm in diameter, horizontally shaken 
for a few minutes and then pressed at an applied pressure of 50 MPa. A schematic of the 
preparation process is shown in Fig. 5.2. A spark plasma sintering (SPS) system of Dr Sinter 
515S (Syntex Inc., Japan) was used to consolidate the samples. The following SPS parameters 
used were those optimized in our previous work [56,78] as follows: constant uniaxial pressure, 
50 MPa; holding temperature, 1223 K; holding time, 8 min; constant ramping rate, 130 K/min. 
The awqconsolidated bulk samples using the rods, platelets and nanoparticles as starting particles 
will be denoted as ‘Rod’, ‘Platelet’ and ‘Nanoparticle’ samples, respectively. For all the samples 
after SPS densification, the densities were measured as ~90% of the theoretical density. 
 
Fig. 5.2 Schematics of the consolidation process for (a) rods, (b) platelets and (c) nanoparticles, 
respectively. The consolidated samples of the rods and platelets were cut and characterized along both 
perpendicular (⊥p) and parallel (║p) directions to the pressure axis. The anisotropy of the consolidated 
sample of the nanoparticles was negligible. 
5.2.2 Measurements 
Disc-shaped Rod and Platelet samples with a thickness of ~1.1 cm were cut into rectangular 
and square shapes, both parallel (║p) and perpendicular (⊥p) to the pressure direction, as shown 
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in Fig. 5.2, in order to measure the electrical conductivity (σ), Seebeck coefficient (S), carrier 
concentration (n), and thermal conductivity (κ) along the same direction for the determination of 
zT in the specific directions. As for the Nanoparticle sample, the anisotropy was found to be 
negligible. For all the samples, the electrical conductivity and Seebeck coefficient were 
measured simultaneously using an RZ-2001i (OZAWA, Japan) from room temperature up to 
1223 K in air. The Hall measurement was carried out at room temperature by van der Pauw 
method with a superconducting magnet (5.08 T). The thermal conductivity (κ) was determined 
from the thermal diffusivity (α), the mass density (ρ) and the specific heat capacity (Cp) 
according to the equation κ = αρCp. The thermal diffusivity was obtained by the laser flash 
method (Netzsch LFA-457, Germany), the mass densities of the samples were measured by 
Archimedes’ method using water with surfactant, and the specific heat capacity was measured 
using a differential scanning calorimeter (Netzsch DSC 404C, Germany). The sound velocity in 
the samples was measured using ultrasonic sing-around method [98] on an Ultrasonic Industries 
Co. Ltd., UVM-2. X-ray diffraction (XRD) pattern was obtained using a Bruker D8 
diffractometer (Bruker, Germany) with Cu-Kα radiation. A scanning electron microscope (SEM, 
Supra; Carl Zeiss, Inc., Germany) was used to observe the microstructures of the samples. TEM 
analysis was conducted in the bright-field mode using a transmission electron microscope (model 
JEM-3000F) operating at an acceleration voltage of 300 kV. Elemental maps were obtained in 
STEM mode using EDS microanalysis. 
 
5.3 Results and discussions 
5.3.1 Structural properties 
Rod samples. SEM images of the Al doped ZnO rods are shown in Fig. 5.3a. The 
hydrothermally grown crystals appear to have a hexagonal rod-like morphology with a 
preferential growth along the <001> axis. The rods were measured to be ~25 μm in length 
and ~4 μm in width. Transmission electron microscopy (TEM) and selected-area electron-
diffraction of the rods (see Fig. 5.3b and c) indicate that each ‘rod’ is single crystalline in 
the wurtzite structure, as confirmed also by powder X-ray diffraction of the rods (see Fig. 
S1 in Appendix B). Fig. 5.3d and 5.3e show the fracture surface of the consolidated bulk 
sample. The surface perpendicular to the pressure axis (denoted as Rod (⊥p)) consists of 
rod-shaped ZnO grains with an average size of ~10 μm in length and ~4 μm in width (see 
Fig. 5.3d). Some fine particles with sizes varying from 100 nm to 300 nm were observed 
to precipitate mostly along the gain boundaries as shown in the inset of Fig 5.3d,e). EDX 
analysis shows that the precipitates are enriched in Al (see Fig. S3 in Appendix B). The 
precipitates were either formed during the hydrothermal treatment or during sintering as a 
byproduct of the reaction between ZnO and Al2O3 as previously discussed in our earlier 
work [56]. Similar precipitates were also observed and identified as ZnAl2O4 gahnite 
phase using TEM by Nam et al [53]. The fracture surface parallel to the pressure axis 
(denoted as Rod (║p)) consists of fine grains of ~4 μm in size, which is similar to the 
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width of the rods. It is also shown in the inset of Fig. 5.3d and e that the size and 
distribution of the precipitates are similar regardless of the directions of the fracture 
surfaces. 
 
Fig. 5.3 (a) SEM images of hydrothermally grown Al-doped ZnO rods. (b) TEM image of a single rod 
and (c) its electron diffraction pattern along the <210> direction, indicating the wurtzite structure. SEM 
images of the fracture surfaces of the Rod sample (d) perpendicular (⊥p) and (e) parallel (║p) to the 
pressure axis. 
Platelet samples. Hexagonally shaped platelets were synthesized with an average diameter 
and thickness of 800 nm and 100 nm, respectively, as shown in Fig. 5.4a. A TEM image and 
selected-area electron diffraction of a single platelet indicates the existence of a single crystal 
with a wurtzite structure (see Fig. 5.4b and c).  Fig. 5.4d and e show the fracture surface of the 
bulk sample consolidated from Al doped ZnO platelets. The fracture surface perpendicular to the 
pressure axis (denoted as Platelet (⊥p)) consists of uniform grains with similar sizes as those 
seen in Fig. 5.4a. Nanosized precipitates and nano voids with an average size of 30 nm can be 
seen in the insets of Fig. 5.4d and e. The surface parallel to the pressure axis (denoted as Platelet 
(║p)) reveals a laminated structure as a result of compressing the ZnO platelets, indicating the 
preferential orientation of the grains (see Fig. 5.4e). 
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Fig. 5.4 (a) SEM images of hydrothermally grown Al doped ZnO platelets. (b) A TEM image of a single 
platelet and (c) its electron diffraction pattern along the <001> direction, indicating the wurtzite structure. 
SEM images of the fracture surfaces of the Platelet sample (d) perpendicular (⊥p) and (e) parallel (║p) to 
the pressure axis. 
Nanoparticle samples. Fig. 5.5a shows the HRTEM image of the Al doped ZnO 
nanoparticles. It reveals that each nanoparticle is a single crystal in the wurtzite structure, 
which is also consistent with the powder X-ray diffraction data, as shown in Fig. S1 in 
Appendix B. The average particle size is estimated to be ~8 nm by using XRD Rietveld 
refinement and it is consistent with the TEM observation (see Fig. 5.5b). The EDX 
mapping by STEM reveals the existence of Al-containing nanoparticles (see Fig. S2b in 
Appendix B). The as-prepared ZnO nanoparticles in the present study are similar in sized 
to that of Meulenkamp’s work [99], which are much smaller than those fabricated by Jood 
et al [54] and Nam et al [53]. Fig. 5.5d and e show the fractured surface of the bulk 
sample consolidated from Al-doped ZnO nanoparticles (denoted as Nanoparticle). 
Besides the ZnO grains with the size of several hundred nanometers, there exist highly 
distributed nano precipitates with sizes from 10 to 15 nm, both within the ZnO grain 
interiors or along the grain boundaries. Compared with other Al-doped ZnO 
nanocomposites synthesized by Jood et al and Nam et al, the nanoprecipitates shown in 
this work is 10 to 20 times smaller in size [53,54], presumably due to the much smaller 
precursors in combination with a short densification time of SPS used in this work.  
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Fig. 5.5 (a) An HRTEM image of Al-doped ZnO nanoparticles. (b) A TEM image of the 
nanoparticles and (c) its selected-area electron diffraction pattern. (d) An SEM image of a bulk 
consolidated fracture surface of the Nanoparticle sample consolidated from nanoparticles. (e) A 
high magnification SEM image of the Nanoparticle sample showing highly dispersed 
nanoprecipitates within the ZnO nanograins. 
X-ray diffraction patterns of the consolidated samples are shown in Fig. 5.6. All observed 
XRD peaks can be assigned to those of pure ZnO phase (ICDD card PDF#36-1451), though the 
relative intensity of some peaks may vary due to the preferred orientation. For example, the 
intensity ratio of the (002)/(100) peaks in Rod (⊥p) was « 1, while that of Platelet (⊥p) was » 1. 
To evaluate the degree of orientation of the samples, the volume fraction of a-axis-oriented 
grains, α(100), and that of c-axis-oriented grains, α(001), in the samples were calculated using the 
following equations [100]: 
                   
             
       (5.1) 
                    
             
       (5.2) 
where Ihkl is measured intensity of the (hkl) peak and I
*
hkl is the intensity of the randomly 
oriented powders. The results of the degrees of orientation are shown in the inset of Figure 5.6. 
The Rod (║p) and Platelet (⊥p) have higher degrees of (001) grains orientation. The degrees of 
(100) grains orientation are higher for the Rod (⊥p) and the Platelet (║p) samples. The 
Nanoparticle sample consolidated from ZnO nanoparticles shows negligible anisotropy in this 
analysis as expected. It also reveals that the preferred orientation of the Platelet sample is 
stronger than the Rod sample. The results showed in the inset of Fig. 5.6 are consistent with the 
SEM observation. 
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The lattice parameters were from the Rietveld refinement of the XRD patterns. The results of 
unit cell volume are plotted in the inset in Fig. 5.6. The decrease of the unit cell volume is 
probably due to the substitutions of Al
3+
 at the Zn site, as the ionic radius of Al
3+
 (0.039 nm, 4-
fold coordination) is much smaller than that of Zn
2+
 (0.060 nm, 4-fold coordination) [70]. The 
smaller unit cell volume of the Rod sample suggests a possibility of a larger substitution fraction. 
A direct consequence of a larger substitution fraction is a higher carrier concentration, which will 
be discussed in the following section. 
 
Fig. 5.6 X-ray diffraction patterns of the samples. The inset shows the degrees of orientation and the unit 
cell volume. The red and blue columns indicate the degrees of (100) orientation and (001) orientation, 
respectively. 
5.3.2 Thermoelectric properties 
The electrical conductivity (σ) of the consolidated samples is shown in Fig. 5.7. The Rod and 
Platelet samples showed a metallic conduction behavior. The electrical conductivity measured 
along different directions varied due to the preferred orientation of the Rod and Platelet samples. 
Both samples showed a higher σ along the <⊥p> direction, by a factor of 1.7 and 2.5 for Rod and 
Platelet samples, respectively, than along the <║p> direction. The Rod (⊥p) sample showed a 
high conductivity of 6409 S cm
-1
 at room temperature, higher than any other σ values reported 
from Al-doped ZnO [52,53,56,95]. The Nanoparticle sample showed a semiconductor-like 
electrical conductivity. The σ value increased with increasing temperature due to the thermal 
excitation of shallow donors at ~45.6 meV below the conduction band-edge, as derived from the 
activation energy of the electrical conductivity.[54]
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Fig. 5.7 Temperature dependence of the electrical conductivity of the samples, a clear anisotropy of the 
Rod and Platelet samples being observed. 
A room temperature Hall measurement was carried out to determine the carrier concentration 
(n) of the samples. As shown in Fig. 5.8, the carrier concentration did not show anisotropy for 
these samples. The charge carrier concentration of the Rod sample is higher than that of the 
Platelet sample. There is a possibility of the different substitution fraction of Al
3+
 ions at the Zn 
sites in these two samples. This substitution not only causes the shrinkage of the unit cell, but 
also donates excessive electrons for conduction. As the shrinkage increases, the electron carrier 
concentration increases as well. (see Figs. 5.6 and 5.8). The n values of these samples are higher 
than 10
20
 cm
-3
, indicating that they are degenerate semiconductors. The carrier mobility along the 
<⊥p> direction was found to be more than two times higher than that along the <║p> direction 
for both Rod and Platelet samples. These findings suggest that the grain boundary scattering 
plays a key role for the difference in the carrier mobility in accordance with the microstructure 
observation. It is also noteworthy to point out that a higher mobility of 65 cm
2
V
-1
s
-1
 was obtained 
for Platelet (⊥p) as compared with 45 cm2V-1s-1 for Rod (║p), although the average grain size of 
Platelet (⊥p) is smaller. This can be explained by the higher degrees of orientation in Platelet 
(⊥p), and hence the grain boundaries in Platelet (⊥p) may have less impact on the transport of 
electrons, similar observations has been previously reported [101–103]. Presumably affected by 
intensive boundary and impurity defect scattering, the carrier mobility of the Nanoparticle 
sample was the smallest among all the samples in this study. The n value of the Nanoparticle 
sample was also found to be the smallest. This tendency is consistent with the previous 
discussion on the Al
3+
 ion substitutions. A lower substitution fraction may cause a smaller 
shrinkage of the unit cell volume, as well as a lower electron carrier concentration. 
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 Fig. 5.8 The carrier concentration and carrier mobility of the samples at room temperature. The inset 
shows the monotonic increase of the power factor with increasing carrier mobility. 
Fig. 5.9a shows the temperature dependence of the Seebeck coefficients (S) of the samples. 
The S values for the Rod and Platelet samples showed negligible anisotropy. This behavior is 
consistent with the theoretical calculations based on the Boltzmann transport theory [104]. 
According to the Pisarenko relation for degenerated semiconductors, 
       
     
  
    
   
 
  
 
   
     (5.3) 
where kB is the Boltzmann constant, T is the absolute temperature, h is Planck’s constant, q is the 
unit charge of electron, m
*
 is the effective mass. As smaller n results in bigger |S|, the Platelet 
samples had a larger |S| values than the Rod samples. By plotting the room temperature S vs. n
-2/3
, 
m
*
 of the samples can be estimated to be between 0.43 me and 0.35 me, as shown in the inset of 
Figure 5.9(a). The estimation of the effective mass is consistent with the results obtained by Kim 
et al [49]. However, the Pisarenko relation is based on carrier degeneracy, and hence m
*
 for the 
Nanoparticle sample is only a rough approximation. According to the measured n and estimated 
m
*
 values, a simple parabolic band model [6]
 
can be applied by employing the following 
equations: 
          
    
          
 
 
    (5.4) 
      
  
 
 
         
       
        (5.5) 
        
      
  
 
   
         (5.6)  
where Fλ(ξ) is the Fermi integral and ξ is the reduced electrochemical potential. λ is a scattering 
parameter and 0 is assumed for acoustic phonon scattering, 1 for optical phonons scattering, and 
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2 for ionized impurity scattering [6]. At room temperature, the calculated S values as a function 
of carrier concentration are shown in Fig. 5.9b. The three lines correspond to the three different 
scattering mechanisms. The S values for the Rod and Platelet samples corresponds very well 
with the calculation when λ=0, indicating that the acoustic phonon scattering is the dominating 
scattering mechanism. The S value for Nanoparticle sample lies below the calculated values for 
all the above scattering mechanisms, implying strong scattering by highly distributed grain 
boundaries and densely dispersed nanoprecipitates.  
 
Fig. 5.9 (a) Temperature dependence of the Seebeck coefficient of the samples. The inset shows the plot 
of the room temperature Seebeck coefficient vs. (carrier concentration)
-2/3
. The colored diagonal lines 
correspond to the theoretical relationship when m
*
/me = 0.43 and 0.35 according to the Pisarenko relation. 
(b) The Seebeck coefficient plotted as a function of the carrier concentration. The solid colored lines are 
the calculated values for λ = 0, 1, and 2, denoting electron scattering by acoustic phonons, optical 
phonons, and ionized impurities respectively. 
Fig. 5.10a shows the thermal conductivity as a function of temperature for all the samples. 
The measured data of the thermal diffusivity and specific heat at a constant pressure are shown in 
Figs. S4 and S5 in Appendix B. The apparent effect of anisotropy on the thermal conductivity 
can be observed from the Rod and Platelet samples. The κ values measured along the pressure 
axis (║p) for both samples are relatively smaller compared with the values measured 
perpendicular to the pressure axis (⊥p) over the whole temperature range. The Nanoparticle 
sample showed significantly small κ values of 8.46 Wm-1K-1 at 373K and 3.21 Wm-1K-1 at 1223 
K, which are roughly 1/5 and 1/2 as large as those for the Rod (⊥p) sample at 373 K and 1223 K, 
respectively. These small κ values are comparable to those previously reported for the Al-doped 
ZnO nanocomposites [52–54]. For the reference, the theoretical lower limit of the lattice thermal 
conductivity, κmin, for Zn0.98Al0.02O was calculated to be 1.22 Wm
-1
K
-1
 as shown in Fig. 5.10a. 
To estimate the lattice contribution κL to the total κ, the following equation was applied: 
                      (5.7) 
where κe is the electron component of κ. The degenerate limit of the Lorenz number is given by 
Lo = (π
2
 kB
2/3
)/q
2
 = 2.45×10
-8
 WΩK-2, and is valid only at high degeneracy regardless of the 
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carrier scattering mechanism. At high temperatures, this value typically results in an 
overestimation of κe. In this case, the following equation was used for the calculation of Lo [6]: 
       
  
 
  
           
    
       (5.8) 
where Fn denotes Fn(ξ). The results of these calculations for the different morphologies are 
shown in the inset of Fig. 5.10a. The Lo values are consistently smaller than the degenerate limit 
and monotonically decrease with increasing temperature. By using Eq. 5.7, the κL values can be 
extracted, as shown in Fig. 5.10b. The values of κL are somehow similar to the values of κ, 
indicating that the lattice component dominates the thermal conductivity for all the samples. The 
Nanoparticle sample shows the lowest κL among all the samples in this study, and a clear 
anisotropy of κL can be observed for the Rod and Platelet samples. The Debye-Callaway model 
[105–107] was used to calculate the lattice thermal conductivity using parameters obtained by 
microscopy (see Appendix B). The calculated values are shown as solid lines in Fig. 5.10b, 
agreeing well with the experimental data. The calculations indicated that the anisotropy of κL for 
the Rod and Platelet samples was mainly caused by grain boundaries. The grain sizes along the 
pressure axis are nearly 5 to 8 times smaller than those in the perpendicular direction, which 
resulted in a smaller phonon mean free path along this direction. The calculation also clearly 
shows the temperature-dependent anisotropic behavior of κL for the Rod and Platelet samples, 
where κL along the (⊥p) and (//p) directions differs noticeably at 300K, but the difference 
became smaller and unobvious above 800K. As for the Nanoparticle sample, very low κ can be 
attributed to the strong phonon scattering from nano-grains, point defects and densely dispersed 
nanoprecipitates.    
 
Fig. 5.10 (a) Temperature dependence of the thermal conductivity of the samples. The inset shows 
the calculated Lorenz number of the samples as a function of temperature. The lower limit of the 
lattice thermal conductivity, κmin, for Zn0.98Al0.02O was calculated using Cahill’s equation (dashed 
line). (b) Temperature dependence of lattice thermal conductivity of the samples. The solid color 
lines are the calculated values using the Debye-Callaway model. 
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5.3.3 Theoretical Analysis and Discussion 
To further analyze the effects of grain boundaries and nanoprecipitates on phonon scattering, 
κL at three different temperature (273 K, 673 K, and 1223 K) was plotted as a function of grain 
size using the Debye-Callaway model (as shown in Fig. 5.11a). The calculated values agree with 
the experimental values in this study. By changing the grain size from 100μm to 10nm, κL at 
273K reduced significantly, but κL at 1223 K was hardly affected. This is consistent with some 
results reported previously, showing that the nano-scaled grains have a limited effect to reduce 
lattice thermal conductivity at high temperature region, where the phonon-phonon scattering 
dominates [57,108]. As for the phonon scattering by nanoprecipitates, κL vs. nanoprecipitates 
particle concentration was also plotted as shown in Fig. 5.11b. κL at both 273 K and 1223 K 
decreased noticeably with increasing particle concentration. The phonon scattering by grain 
boundaries and nanoprecipitates can be illustrated by plotting the phonon mean free path (MFP) 
vs. normalized phonon frequency (ħω/KBT) as shown in Fig. 5.11c and d. The dashed lines are 
the reference MFP values without neither grain boundary scattering nor nanoprecipitate 
scattering. When grain boundary scattering takes place, given the grain size of 400nm, the 
phonon MFP at the low frequency region reduces significantly, leaving the high frequency 
phonons nearly unaffected (see the blue area in Fig. 5.11c); when nanoprecipitates scattering 
takes place, given the size of 10nm and concentration of 1.4×10
20
m
-3
, the phonon MFP at both 
intermediate and high frequency regions decreases moderately (see the red area Fig. 5.11c). At 
1223 K, however, the grain boundary scattering becomes very limited, while the scattering from 
nanoprecipitates is still very well pronounced (see the red area in Fig. 5.11d). It indicates that, 
the grain boundaries selectively depress the phonon spectrum at the low frequency region, while 
the nanoprecipitates selectively depress the phonon spectrum at the intermediate and high 
frequency region. By combining the two scattering mechanisms, the entire phonon spectrum can 
be effectively dampened. The Nanoparticle sample could have benefited from the combined 
scattering mechanisms. The low frequency phonons were scattered by nanograins, and the 
middle to high frequency phonons were scattered by point defects and highly dispersed 
nanoprecipitates. Thus the sample showed the strongly suppressed lattice thermal conductivity. 
The above observations and discussion are consistent with the work by Biswas et al [9]. 
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Fig. 5.11 Calculated lattice thermal conductivity plotted as a function of (a) grain size, and (b) 
nanoprecipitate particle concentration at different temperatures. The calculated mean free path (MFP) of 
the phonons was plotted as a function of normalized phonon frequency at (c) 273K and (d) 1223K. The 
dots in (a) are experimental values of Rod (⊥p), Rod (║p), Plate (⊥p), and Plate (║p), with grain sizes of 
10 μm, 2 μm, 600 nm and 150 nm, respectively; the dashed lines in (c) and (d) are the reference MFP 
values without phonon scattering by neither grain boundaries nor nanoprecipitates, and the solid lines are 
predicted values when phonon scattering by either nanoprecipitates or grain boundaries dominates. 
The zT values thus obtained are shown in Fig. 5.12. Due to the preferential orientation of the 
Rod and Platelet samples, they showed different zT values along the different measured 
directions. The (⊥p) direction of both samples showed higher zT values than the (║p) direction, 
reaching 0.2 to 0.25 at 1223 K. The Platelet sample showed higher zT values than the Rod 
sample along either measurement directions. The Nanoparticle sample was benefited from low κ 
of 3.2 Wm
-1
K
-1
 at 1223 K, and its electrical conductivity and Seebeck coefficient increased 
significantly with increasing temperature, attaining a power factor of 7.97×10
-4 
Wm
-1
K
-2
 at 1223 
K. Thus the sample showed a peak zT of 0.3 at 1223 K, which is comparable to the zT values 
achieved by Al-doped ZnO bulk materials [52,95] but somehow lower than those of some other 
Al-doped ZnO nanocomposites reported [53,54].
 
As demonstrated in this paper, the Rod and 
Platelet samples exhibited fairly high electrical transport properties along the preferred directions 
due to the alignment of the micron-scale grains. However these grains are less effective to scatter 
high frequency phonons at high temperatures. On the other hand, the Nanoparticle sample with 
highly dispersed nanoprecipitates exhibited the strong suppression of the lattice thermal 
conductivity due to the effective scattering of phonons. It indicates that a combination of these 
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features, the alignment of micron-scale anisotropic grains and highly dispersed nanoprecipitates 
within/around them, would be a promising way to maintain sufficient electrical transport 
properties with suppressing the lattice thermal conductivity, thus being capable of improving zT 
of Al-doped ZnO further. 
 
Fig. 5.12 Temperature dependence of figure-of-merit, zT, of the samples. 
5.4 Conclusions 
Nanostructured Al-doped ZnO nanostructured bulk samples were fabricated using precursors 
with different morphologies and SPS consolidation. Those fabricated from rods and platelets as 
starting powders exhibited textured microstructures and anisotropic thermoelectric properties. 
The anisotropy of the electrical and thermal conductivities was attributed to the grain boundary 
scattering in the samples with preferred orientation of the anisotropic grains, which are 
interacting in a different manner with the electron and phonon conduction. The Platelet sample 
with aligned laminar grains showed a superior zT value of 0.25 at 1223 K along the preferred (⊥p) 
direction, which is ~47% higher than our previously made non-textured bulk samples [56]. The 
Nanoparticle sample exhibited fine structure of micron-scaled grains and nanoprecipitates. A zT 
value of 0.3 at 1223 K was attained by the low κ. By using the Debye-Callaway model in 
combination with the experimental observations, the influence of grain boundaries and 
nanoprecipitates on the heat transport was investigated. The results showcased the selective 
depression of the phonon spectrum by grain boundary and nanoprecipitate scattering, also being 
capable of explaining the low κ obtained by the Nanoparticle sample as well as the anisotropic κL 
of the Rod and Platelet samples. This work elucidated the effect of the structural features on the 
electron/phonon transport properties of Al-doped ZnO bulks, and provided a promising approach 
to further improve the thermoelectric properties of Al-doped ZnO. However, the long-term 
stability of the tailored nanostructures was not included in this work since it is still under 
investigation, and further strategy for improving the high temperature thermoelectric efficiency 
of ZnO-based materials will be employed in our future work. 
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Chapter 6 Doped ZnCdO as stable n-type material for 
thermoelectric application 
 
 
 
Abstract: 
New composition of doped ZnCdO was developed. The thermoelectric properties and 
thermal stability of doped Zinc Cadmium Oxide (Zn1-xCdxAyO, A = Sc, Ga, Ce, Mg, Sn etc.) are 
investigated. Doped ZnCdO has a significant lower thermal conductivity (8.0 to 2.0 W/m
-1
·K
-1
 
from RT to 1173K) as compared with the ZnO:Al (49 to 8.0 Wm
-1
·K
-1
 from RT to 1173K). Sc-
doped ZnCdO also exhibits a rather low electrical resistivity (1.5×10
-3
 – 3.8×10-3 ·cm) and 
good thermopower (70 – 160 V/K) in a wide temperature range from 300 up to 1173 K. The 
dimensionless figure-of-merit (zT) that determines the conversion efficiency of a thermoelectric 
power generator is found to be 0.3 @1173 K and ~0.24 @1073K, which are comparable or 
better than the state-of-the-art n-type thermoelectric oxide materials. In this chapter, the 
thermoelectric properties of a series of samples with varied concentrations of Cd, Sc, and some 
other dopants are investigated and discussed in detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work discussed in this chapter is in preparation for publication and used for a patent 
application.  
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6.1 Introduction 
Thermoelectric (TE) technology is one of the most promising energy conversion technologies 
like photovoltaic, wind energy, and fuel cells etc. It directly converts heat into electricity without 
any moving parts. Its superior reliability has made it a crucial long-life power sources for space 
needs since the 1950s[6]. For civil use, thermoelectrics offers a promising solution for waste heat 
recovery[5]. By integrating thermoelectric generators into many systems such as cars, fossil fuel 
power stations, and solar panels etc., the overall energy efficiency of the system can be improved. 
For industrial processes like those involving petroleum, steel manufacturing, transportation etc., 
there is an abundance of exploitable high temperature (above 800 K) waste heat. It calls for 
thermoelectric systems consisted of high temperature stable materials with decent thermoelectric 
properties. Among many different types of materials, oxides are supposed to be a promising 
candidate due to their potentially high temperature chemical stability, abundant resources, and 
low-cost processing[27]. 
The current state-of-the-art oxide thermoelectric materials are calcium cobaltates for p-
type[11,28], strontium titanates (STO)[109,110], aluminum-doped zinc oxide (AZO)[50,89], and 
calcium manganates (CMO)[32,34,111]for n-type. Promising zT of 0.61 at 1118 K and reliable 
thermal stability had been achieved for the p-type calcium cobaltates[11]. However, the n-type 
oxide candidates are suffering from either lower zT or poorer thermal stability[27]. ZnO based 
thermoelectric materials will experience severe degradation of electrical conductivity during the 
operation in air above 600 K due to restored oxygen vacancies[112]. Strontium titanates were 
also reported to be unstable in air above 670 K because the Ti
3+
 in STO is unstable and become 
easily oxidized to Ti
4+
, thus the zT will intensively decrease in air above 670 K[27]. Calcium 
manganate is a good candidate at high temperature but the zT values are still much lower than the 
best p-type oxide materials[113,114]. Therefore, better n-type oxide candidates are needed for 
oxide thermoelectric module construction and sufficient energy conversion efficiency.   
The integration of nanostructuring to the ZnO based thermoelectrics has become a popular 
topic since 2010 [7,10,53,57].The Al-doped ZnO nanocomposites sintered using nano precursors 
has achieved an ultra low thermal conductivity of 2.8 Wm
-1
K
-1
 at room temperature[54]. Though 
the nanostructuring has been proved to be useful for the reduction of thermal conductivity of Al-
doped ZnO, there was also a consequence of heavily decreased electrical conductivity[7]. As a 
result, the nanostructuring of Al-doped ZnO turned out to be only useful for achieving a high 
peak zT at high temperature, but the near room temperature zT is usually lower than the zT from 
bulk samples due to lower electrical conductivity. However, there are other strategies for 
reducing its thermal conductivity which might be as effective as nanostructuring, like alloying. 
Accordingly, we selected CdO to alloy with ZnO because they have moderate solubility as well 
as significant atomic weight difference with each other. Besides, CdO is a n-type oxide 
semiconductor with superb carrier mobility as high as 230 cm
2
V
-1
s
-1
at room temperature[115]. 
Herein, we developed a new doped zinc cadmium oxide as a new n-type oxide compound for 
high temperature thermoelectric application. This material shows promising TE properties and 
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high-temperature stability in air. In this chapter, the electrical and thermal transport properties 
will be presented in detail and a discussion in order to understand the reason for the improved TE 
properties will also take place. Samples with different dopants and dopant concentrations will be 
systematically investigated to explore the potentials of this new n-type oxide compound.  
6.2 Experimental Procedure 
6.2.1 Preparation of samples 
Doped Zinc Cadmium Oxide (Zn1-xCdxAyO, A = Sc, Ga, Ce, Mg, Sn etc.) were all obtained 
by e.g. a conventional solid-state-reaction (SSR) from the starting powders of ZnO, CdO, Sc2O3, 
Ga2O3, Ce2O3, MgO, Sn2O3. The powders were mixed at different molar ratios by roll milling 
using ceramic balls for 24 h. The resulting mixtures were then uniaxial pressed with Φ20 mm 
stainless steel die under 65 MPa for 60 seconds followed by isostatic pressing under 5 GPa for 
60 seconds. The green body was sintered in chamber furnace with a heating and cooling rate of 1 
K/min at 850 
o
C for 24 h in air and then 1300 
o
C for 5h in air to maintain the oxygen 
stoichiometry. The sintered bodies reached relative densities above 96%. The sintered bulk 
material were then cut into desired configurations with diamond cutter and used for 
thermoelectric characterizations. 
6.2.2 Measurements 
The electrical resistivity (ρ) and Seebeck coefficient (S) were measured simultaneously using 
an ULVAC-RIKO ZEM-3 under a low pressure of helium atmosphere from room temperature up 
to 1173 K. Hall measurement was carried out at room temperature by van der Pauw method with 
a superconducting magnet (measured up to 2 T). The thermal conductivity (κ) was determined 
from the thermal diffusivity (α), the mass density (Dm) and the specific heat capacity (Cp) 
according to the equation κ = αDmCp. The thermal diffusivity was obtained by the laser flash 
method (Netzsch LFA-457, Germany), the mass densities of the samples were measured by 
Archimedes’ method using water with surfactant, and the specific heat capacities were estimated 
using Dulong-Petit law. X-ray diffraction (XRD) pattern to examine the phase purity of the 
materials was obtained using a Bruker D8 diffractometer (Bruker, Germany) with Cu-Kα 
radiation. A scanning electron microscope (SEM, Supra; Carl Zeiss, Inc., Germany) was used to 
observe the microstructures of the samples. 
6.3 Results and discussions 
6.3.1 Structural properties 
Different samples with varied amount of Cd were investigated using XRD. For Zn1-
xCdxSc0.02O (x = 0 to 0.15) samples, the main crystalline structure of this material appears to be 
wurtzite belonging to the space group of P63mc, similar to pure ZnO, as shown in Fig. 6.1a. For 
samples with x = 0.15 and 0.125, the secondary phase be observed by the peaks marked with ‘*’ 
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in Fig. 6.1a. Those peaks are identical to those peaks of pure CdO. It indicates that once the 
molar ratio of CdO and ZnO exceeds 1:9, the excess CdO phase could not fully incorporate into 
the ZnO under our sintering conditions discussed in the previous secion 6.2. When the ratio is 
below 1:9, CdO can very well incorporate with wurtzite ZnO phase, this result is similar to the 
previous observations by Venkatachalapathy et al [116]. As the Cd concentration increases, the 
unit cell volumes increases accordingly (see Table 6.1 and Fig. 6.1b). The main peaks slightly 
shift to the left (see Fig. 6.1a). This is because the ionic radius of Cd
2+
 (0.078 nm, 4-fold 
coordination) is larger than that of Zn
2+
 (0.06 nm, 4-fold coordination). The Cd substitutions at 
Zn sites will expand the unit cell volume. For samples with x = 0, 0.05 and 0.1, the Sc2O3 phase 
belonging to I213 space group can be observed by a weak peak marked with ‘o’ in Fig. 6.1a. 
Table 6.1 gives the detailed parameters from Rietveld refinement of the XRD patterns. For the 
sample of Zn0.85Cd0.15Sc0.02O, the cell volume is surprisingly smaller that of Zn0.875Cd0.125Sc0.02O 
and comparable to that of Zn0.9Cd0.1Sc0.02O. This may be explained by the failed incorporation of 
Cd with Zn due to excessive CdO aggregations. 
 
 
Fig. 6.1 (a) The XRD patterns for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. (b) Refined unit cell volume of 
the primary phase plotted as a function of Cd composition. 
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Fig. 6.2 (a) The XRD patterns for Zn0.9Cd0.1ScyO (y = 0 to 0.04) samples. (b) Refined unit cell volume of 
the primary phase plotted as a function of Sc composition. 
Table 6.1 Parameters from Rietveld refinement for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. 
Sample Main phase: Zincite Secondary phase R-Values 
Space 
group 
Lattice parameters 
(Å) 
Cell 
Volume 
(Å
3
) 
Wt% - 
Rietveld 
(%) 
Space 
group 
Lattice parameters 
(Å) 
Cell 
Volume 
(Å
3
) 
Wt% -
Rietveld 
(%) a b c a b c Rexp Rwp GOF 
ZnSc0.02O P63mc 3.25 3.25 5.20 47.59 99.440 I213 9.84 9.84 9.84 954.5 0.560 2.95 10.6 3.62 
Zn0.95Cd0.05Sc0.02O P63mc 3.27 3.27 5.23 48.38 99.276 I213 9.84 9.84 9.84 953.5 0.724 3.66 8.69 2.37 
Zn0.9Cd0.1Sc0.02O P63mc 3.28 3.28 5.25 49.18 99.683 I213 9.85 9.85 9.85 956.5 0.317 3.54 7.41 2.09 
Zn0.875Cd0.125Sc0.02O P63mc 3.29 3.29 5.25 49.33 97.817 Fm3m 4.69 4.69 4.69 103.33 2.183 3.81 8.99 2.36 
Zn0.85Cd0.15Sc0.02O P63mc 3.28 3.28 5.24 48.98 93.392 Fm3m 4.69 4.69 4.69 103.18 6.608 3.61 8.80 2.44 
Table 6.2 Parameters from Rietveld refinement for Zn0.9Cd0.1ScyO (y = 0 to 0.04) samples. 
Sample Main phase: Zincite Secondary phase R-Values 
Space 
group 
Lattice parameters 
(Å) 
Cell 
Volume 
(Å
3
) 
Wt% - 
Rietveld 
(%) 
Space 
group 
Lattice parameters 
(Å) 
Cell 
Volume 
(Å
3
) 
Wt% -
Rietveld 
(%) a b c a b c Rexp Rwp GOF 
Zn0.9Cd0.1O P63mc 3.28 3.28 5.25 49.06 100       2.89 9.69 3.35 
Zn0.9Cd0.1Sc0.01O P63mc 3.29 3.29 5.25 49.14 100       3.53 7.70 2.18 
Zn0.9Cd0.1Sc0.02O P63mc 3.29 3.29 5.25 49.18 99.683 I213 9.85 9.85 9.85 956.5 0.317 3.54 7.41 2.09 
Zn0.9Cd0.1Sc0.03O P63mc 3.29 3.29 5.25 49.18 99.059 I213 9.85 9.85 9.85 955.2 0.941 3.57 8.08 2.27 
Zn0.9Cd0.1Sc0.04O P63mc 3.29 3.29 5.25 49.10 98.618 I213 9.85 9.85 9.85 954.5 1.382 3.57 8.08 2.27 
 
Figure 6.2a shows an XRD of samples with different amount of Sc keeping the amount of Cd 
constant at 0.1. For Zn0.9Cd0.1ScyO (y = 0 to 0.04) samples, the main crystalline structure of this 
material is the wurtzite which is belonging to the space group of P63mc, as shown in Fig. 6.2a. 
For samples with y = 0.02, 0.03 and 0.04, the Sc2O3 phase belonging to I213 space group can be 
observed by weak peaks marked with ‘o’ (Fig. 6.2a). As the Cd concentration increases, the unit 
cell volumes remains almost constant with very slight changes (see Table. 6.2 and Fig. 6.2b). 
This is because the ionic radius of Cd
2+
 (0.078 nm, 4-fold coordination) is very similar to that of 
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Sc
3+
 (0.075 nm, 6-fold coordination) compared to that of Zn
2+
 (0.06 nm, 4-fold coordination), the 
substitution of Sc should mostly take place at Cd sites. Table 6.2 gives the detailed parameters 
from Rietveld refinement of those XRD patterns. 
SEM images of the Zn1-xCdxSc0.02O (x = 0.05 to 0.15) samples are shown in Fig. 6.3. All 
the samples shown in Fig. 6.3 appear to be dense and with micron size grains. The grain 
sizes varied from ~4 μm to ~25 μm. The addition of CdO into ZnO improved the sample 
sintering and 10 at% of Cd resulted in the largest grain sizes of to ~25 μm. Further 
addition of CdO caused the phase separation and thus changed the microstructure and 
resulted in smaller grains. 
 
Fig. 6.3 SEM images for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. (a) x = 0.05, (b) x = 0.1, (c) x = 0.125, 
and (d) x = 0.15. 
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Fig. 6.4 SEM images for Zn0.9Cd0.1ScyO (y = 0.01 to 0.04) samples. (a) x = 0.01, (b) x = 0.02, (c) x = 0.03, 
and (d) x = 0.04. 
Fig. 6.4 shows the SEM images of Zn0.9Cd0.1ScyO (y = 0.01 to 0.04) samples. The 
samples are dense, with micron size grains. The grain sizes of the samples in (a) and (b) 
are similar at about ~25 μm. When the concentration of Sc exceeded 2 at%, the grains 
became smaller (to ~5 to 10 um) and pores of approximately ~1 μm appeared at grain 
boundaries, as shown in Fig. 6.4 (c) and (d). 
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Fig. 6.5 SEM-EDS elementary mapping for Zn0.9Cd0.1Sc0.02O sample.  
To verify the homogeneity and incorporation of Cd with ZnO, a SEM-EDS elemental 
mapping was performed on the sample Zn0.9Cd0.1Sc0.02O. As shown in Fig. 6.5, the distribution 
of Cd and Sc in ZnO are both uniform at the grain interiors, and there is also evidence of Zn 
deficiency at the grain boundaries. These observations are consistent with the information 
observed from the X-ray diffraction patterns. The CdO and ZnO incorporated with each other 
and formed oxide alloys. The excessive CdO could enrich at the grain boundaries and can be 
detected by XRD when Cd concentration is larger than 10 at%. 
6.3.2 Thermoelectric properties 
 
The electrical resistivity (ρ) of the Zn1-xCdxSc0.02O (x = 0 to 0.15) samples is shown in Fig. 
6.6. The ZnSc0.02O sample showed the highest resistivity with a mixed conduction characteristic. 
Its ρ first decreased from RT to 773 K like a semiconductor and then increased with increasing 
temperature above 773 K like a metal. The Zn0.95Cd0.05Sc0.02O sample showed second highest 
resistivity with metallic conduction behavior. As the Cd concentration increases, the sample 
resistivity decreases, and the Zn0.9Cd0.1Sc0.02O sample showed the lowest resistivity. Further 
increasing the Cd content resulted in increasing in resistivity. This may be explained by the 
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phase separation of CdO and the deterioration of the carrier mobility by increased grain 
boundary scattering and defect scattering. The inset of Fig. 6.6 shows the resistivity at 300 K as a 
function of x in Zn1-xCdxSc0.02O. 
 
Fig. 6.6 Temperature dependence of electrical resistivity for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. 
 
Fig. 6.7 Temperature dependence of electrical resistivity for Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples. 
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Fig. 6.8 Temperature dependence of electrical resistivity for Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce ) and 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples. 
The electrical resistivity (ρ) of the Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples is shown in Fig. 
6.7. All the samples in this group showed metallic conduction behavior, the ρ increases with 
increasing temperature. As for the effect of Sc concentration, the resistivity of the sample first 
decreases as the y in Zn0.9Cd0.1ScyO increases from 0.006 to 0.01. The Zn0.9Cd0.1Sc0.01O sample 
shows the lowest resistivity. The resistivity started to rise with further increasing of Sc 
concentrations. This may be explained by the precipitation of secondary phase of Sc2O3 and the 
increased grain boundaries which may increase the electron scattering, as observed from Fig. 6.4. 
The inset of Fig. 6.7 shows the resistivity at 300 K as a function of y in Zn0.9Cd0.1ScyO. 
A series of samples with different co-dopants were also investigated. Sample of co-doped or 
multi-doped with different elements, Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce ) and 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce ) were prepared. Their electrical resistivity (ρ) as a 
function of temperature is shown in Fig. 6.8. The Zn0.9Cd0.1Sn0.02O and Zn0.9Cd0.1Ce0.02O 
samples showed a relatively high resistivity with a mixed conduction behavior similar to that of 
ZnSc0.02O sample shown in Fig. 6.6. The Zn0.9Cd0.1Ga0.02O sample showed the lowest resistivity 
with metallic conduction behavior and its low resistivity of 1.04×10
-5
 at 300 K is comparable to 
that of the best Al doped ZnO bulk materials[35]. As for the multi-doped materials 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce ), these compositions show higher resistivity than the 
Zn0.9Cd0.1Sc0.02O sample, indicating the other elements played stronger role as scattering centers 
for the electrons than the case of Sc. 
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Fig. 6.9 The carrier concentration and carrier mobility of the samples at room temperature.  
Table 6.3 Electrical transport properties at room temperature 
Sample Resistivity  
(mΩ cm) 
Seebeck 
coefficient 
(10-6V K-1) 
Carrier 
concentration 
(1019 cm-3) 
Carrier 
mobility  (cm2 
V-1 S-1) 
D.O.S. 
effective mass 
(m*/me) 
Zn0.9Cd0.1Sc0.01O 1.610×10
-5 -73.9 5.79 67 0.56 
Zn0.9Cd0.1Sc0.02O 1.681×10
-5 -76.31 5.84 63.6 0.58 
Zn0.9Cd0.1Sc0.03O 1.813×10
-5 -76.51 6.02 57.2 0.59 
Zn0.9Cd0.1Sc0.04O 2.134×10
-5 -90.13 4.71 62 0.59 
Zn0.95Cd0.05Sc0.02O 5.642×10
-5 -60.12 3.52 75.3 0.33 
Zn0.9Cd0.1Ga0.02O 1.040×10
-5 -36.91 15.7 48.8 0.48 
 
A room temperature Hall measurement was carried out to determine the carrier concentration 
(n) of the samples. As shown in Fig. 6.9, the Zn0.9Cd0.1Ga0.02O sample showed the highest carrier 
concentration of ~1.57×10
20
 cm
-3
. On the other hand, the Zn0.95Cd0.05Sc0.02O sample showed the 
highest carrier mobility of ~76 cm
2 
V
-1 
S
-1
, which is also higher than the Zn0.9Cd0.1Sc0.02O sample. 
It indicates that Cd addition into ZnO may decrease the carrier mobility but increase the carrier 
concentration due to the increased Sc substitution at Cd sites. For the Zn0.9Cd0.1ScyO (y = 0.01 to 
0.04) samples, the carrier concentration increases while the carrier mobility decreases with 
increasing Sc concentrations. But the Zn0.9Cd0.1Sc0.04O sample is an exception. It has lower 
carrier concentration than Zn0.9Cd0.1Sc0.01O and high carrier mobility than Zn0.9Cd0.1Sc0.03O. This 
may be explained by the excessive Sc2O3 aggregations that resulted in fewer substitutions of Sc 
at Cd sites. This tendency is also consistent with the previous Rietveld refinement for 
Zn0.9Cd0.1ScyO (y = 0.01 to 0.04) samples. The increasing Sc concentration resulted in higher 
weight percent of secondary phases, thus deteriorated the carrier mobility as the secondary 
phases acted as electron scattering sites. The room temperature electrical transport properties of 
 77 
 
these samples are included in Table 6.3. The effective mass (m
*
) was obtained according to the 
Pisarenko relation as previously discussed [7]. 
 
 
Fig. 6.10 Temperature dependence of Seebeck coefficient for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. 
The inset shows the plot of the room temperature Seebeck coefficient vs. x in Zn1-xCdxSc0.02O. 
 
Fig. 6.11 Temperature dependence of Seebeck coefficient for Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples. 
The inset shows the plot of the room temperature Seebeck coefficient vs. y in Zn0.9Cd0.1ScyO. 
Fig. 6.10 shows the temperature dependence of the Seebeck coefficients (S) of the Zn1-
xCdxSc0.02O (x = 0 to 0.15) samples. All samples showed negative S values indicating n-type 
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conduction. And their absolute S values increased with increasing temperature due to the thermal 
excitation of electrons. The ZnSc0.02O sample has the highest │S│, while the Zn0.85Cd0.15Sc0.02O 
sample has the lowest │S│ values. The │S│ for other samples were found to be comparable to 
the Zn0.85Cd0.15Sc0.02O sample. The inset of Fig. 6.10 shows a plot of the Seebeck coefficient 
measured at room temperature vs. x for the Zn1-xCdxSc0.02O. 
Fig. 6.11 shows the temperature dependence of the Seebeck coefficients (S) of the 
Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples. All samples showed negative S values indicating 
again n-type conduction. And their absolute S values increases with increasing temperature due 
to the thermal excitation of electrons. The Zn0.9Cd0.1Sc0.04O sample has relatively higher │S│ 
than the others compositions due to its lower carrier concentration. The │S│ values for other 
samples were found to be very close. The inset of Fig. 6.11 shows the plot of Seebeck coefficient 
at room temperature vs. y for the Zn0.9Cd0.1ScyO. 
 
Fig. 6.12 Temperature dependence of Seebeck coefficient for Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce ) and 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples.  
Fig. 6.12 shows the temperature dependence of the Seebeck coefficients (S) of the 
Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce ) and Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples. All 
samples showed negative S values with n-type conduction. The Zn0.9Cd0.1Sn0.02O and 
Zn0.9Cd0.1Ce0.02O samples showed │S│, which is higher than the others. The Zn0.9Cd0.1Ga0.02O 
sample showed the lowest │S│ due to its high carrier concentration. The multi-doped materials 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) showed slightly higher │S│ than that of the 
Zn0.9Cd0.1Sc0.02O sample. 
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Fig. 6.13 Seebeck coefficient plotted as a function of the carrier concentration for (a) the Zn0.9Cd0.1ScyO 
(y = 0.01 to 0.04) samples whose m* ~ 0.585 me, (b) the Zn0.95Cd0.05Sc0.02O sample whose m* ~ 0.329 me, 
and (c) the Zn0.9Cd0.1Ga0.02O sample whose m* ~ 0.485 me. The solid colored lines are the calculated S 
values for λ = 0, 1, and 2, denoting electron scattering by acoustic phonons, optical phonons, and ionized 
impurities respectively. 
According to the measured n and estimated m
*
 values from Table 6.3, a simple parabolic band 
model [6]
 
can be applied by employing the following equations: 
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          (6.3)  
where Fλ(ξ) is the Fermi integral and ξ is the reduced electrochemical potential. λ is a scattering 
parameter and 0 is assumed for acoustic phonon scattering, 1 for optical phonons scattering, and 
2 for ionized impurity scattering [6]. At room temperature, the calculated S as a function of 
carrier concentration is shown in Fig. 6.13. The three lines correspond to three different 
scattering mechanisms, acoustic, optical and ionized impurity phonon scattering. The S values 
for all the samples in this group corresponds very well with λ=0, indicating that the acoustic 
phonon scattering is the dominating scattering mechanism. 
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Fig. 6.14 Temperature dependence of power factor for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. 
 
Fig. 6.15 Temperature dependence of power factor for Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples.  
Fig. 6.14 shows the calculated power factor (S
2ρ-1) for the Zn1-xCdxSc0.02O (x = 0 to 0.15) 
samples. The overall S
2ρ-1 values increased with increasing Cd concentration and reached highest 
for Zn0.9Cd0.1Sc0.02O.  The further increase of Cd concentrations resulted in the decrease of the 
S
2ρ-1. 
Fig. 6.15 shows the calculated power factor (S
2ρ-1) for the Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) 
samples. The Zn0.9Cd0.1Sc0.01O sample has the highest power factor of ~7.1×10
-4
 Wm
-1
K
-2
 at 
1173 K which is comparable to the Al doped ZnO[7,56]. The other samples in this group have 
lower S
2ρ-1 values, but the differences are not as pronounced as varying the Cd concentrations as 
shown in Fig. 6.14. 
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Fig. 6.16 Temperature dependence of power factor for Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce ) and 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples.  
Fig. 6.16 shows the calculated power factor (S
2ρ-1) for the Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, 
Ce) and the Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples. The Zn0.9Cd0.1Sn0.02O and the 
Zn0.9Cd0.1Ce0.02O samples show much lower S
2ρ-1 than the others due to their low ρ. Despite the 
fact that the Zn0.9Cd0.1Ga0.02O sample has higher electrical conductivity, the S
2ρ-1 of the 
Zn0.9Cd0.1Ga0.02O is not higher than the Zn0.9Cd0.1Sc0.02O sample. The multi-doped materials 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) showed slightly lower S
2ρ-1 than that of the 
Zn0.9Cd0.1Sc0.02O sample. 
 
 
Fig. 6.17 (a) Temperature dependence of total thermal conductivity for Zn1-xCdxSc0.02O (x = 0 to 0.15) 
samples. (b) Temperature dependence of lattice thermal conductivity of the samples. The solid 
color lines are the calculated values using the Debye-Callaway model.  
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Fig. 6.17 (a) shows the thermal conductivity as a function of temperature for Zn1-xCdxSc0.02O 
(x = 0 to 0.15). The ZnSc0.02O sample has high thermal conductivity similar to that of pure ZnO 
and Al-doped ZnO[35]. As seen from this figure, the existence of Cd in ZnO is remarkably 
effective for the reduction of the thermal conductivity. The Zn0.95Cd0.05Sc0.02O sample show 7-
fold smaller thermal conductivity than that of ZnSc0.02O sample. As the Cd concentration 
increased, the thermal conductivity continued to decrease to a minimum of ~2.5 Wm
-1
K
-1
 at 
1173K for the Zn0.875Cd0.125Sc0.02O sample. The further increase of Cd had a reverse trend for 
thermal conductivity, presumably due to the phase separation. These small κ values obtained by 
Zn0.875Cd0.125Sc0.02O sample without nanostructuring are comparable or even smaller to those 
previously reported for the Al-doped ZnO nanocomposites (κ values between 2 to 3.5 Wm-1K-1 at 
1173 K) [7,52–54].  
The lattice contribution κL to the total κ was estimated using a reduced Lorenz number of 
1.8×10
-8
 WΩK-2. The extracted κL values are shown in Fig. 6.17 (b). The values of κL are 
somehow similar to the values of κ, indicating that the lattice component dominates the thermal 
conductivity for all the samples. The Debye-Callaway model [105–107,117] was used to 
calculate the lattice thermal conductivity as follows: 
     
  
    
 
   
 
    
   
   
       
 
  
 
   
  
  
  
    
       
 
  
 
   
 
 
 
  
   
  
  
 
   
   
       
 
  
 
  
    (6.4) 
where kB is Boltzmann constant, v is the speed of sound, ħ is reduced Planck’s constant, x is the 
normalized frequency ħω/kBT, T is the absolute temperature, θ is the Debye temperature. τc is the 
combine relaxation time using Matthiessen’s rule as follows: 
      
      
     
     
         (6.5) 
where τc is composed of alloy point defect scattering τpd, normal phonon-phonon scattering τN, 
boundary scattering τB. The relaxation time for these scattering mechanisms is calculated from 
the following relations: 
     
                  (6.6) 
     
                   (6.7) 
       
            (6.8) 
where A, B, α and β are scattering strength related parameters, ω is phonon frequency, L is the 
average grain size values. The values used for the calculations are listed in the following Table 
6.4. The calculated values are shown as solid lines in Fig. 6.17 (b), agreeing well with the 
experimental data. The calculations indicated that the reduction of the thermal conductivity was 
mainly caused by the point defect scattering, indicating that the CdO addition forms oxide alloys 
with ZnO. The grain size has also an influence on the reduction of the thermal conductivity, but 
the influence is quite small compared with alloy scattering. 
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Table 6.4 Parameters used in Callaway calculations for Zn1-xCdxSc0.02O (x = 0 to 0.15). 
 ZnSc0.02O Zn0.95Cd0.05Sc0.02O Zn0.9Cd0.1Sc0.02O Zn0.875Cd0.125Sc0.02O Zn0.85Cd0.15Sc0.02O 
α/K-4s-1 230 1600 3200 3900 2900 
β/K-5s-1 0.015 0.015 0.015 0.015 0.015 
L/m 1× 10-5 3× 10-6 4.5× 10-6 4× 10-6 3× 10-6 
 
 
Fig. 6.18 Temperature dependence of the lattice thermal conductivity for Zn0.9Cd0.1ScyO (y = 0.006 to 
0.04) samples. (b) Temperature dependence of lattice thermal conductivity of the samples. The 
solid color lines are the calculated values using the Debye-Callaway model. 
Fig. 6.18 (a) shows the thermal conductivity as a function of temperature for Zn0.9Cd0.1ScyO 
(y = 0.006 to 0.04) samples. The variation of Sc concentration in this range has a small impact on 
the thermal conductivity. All the samples in the group have comparable thermal conductivities to 
that of the Zn0.9Cd0.1Sc0.02O sample. As the Sc concentration increased, the thermal conductivity 
slightly decreased and the lowest κ was obtained by the Zn0.9Cd0.1Sc0.04O sample.  
The lattice contribution κL to the total κ was estimated and shown in Fig. 6.18 (b). The values 
of κL are still similar to the values of the total conductivity, κ. The calculated values are shown as 
solid lines in Fig. 6.18 (b). The values used for the calculations are listed in Table 6.5.  
Table 6.5 Parameters used in Callaway calculations for Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) 
samples. 
 Zn0.9Cd0.1Sc0.006O Zn0.9Cd0.1Sc0.01O Zn0.9Cd0.1Sc0.02O Zn0.9Cd0.1Sc0.03O Zn0.9Cd0.1Sc0.04O 
α/K-4s-1 3050 3100 3200 3300 3400 
β/K-5s-1 0.015 0.015 0.015 0.015 0.015 
L/m 5× 10-6 5× 10-6 4.5× 10-6 4× 10-6 3.5× 10-6 
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Fig. 6.19 (a) Temperature dependence of total thermal conductivity for Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, 
Ce ) and Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples. (b) Temperature dependence of lattice 
thermal conductivity of the samples. 
Fig. 6.19 (a) shows the thermal conductivity as a function of temperature for the 
Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce) and the Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples. 
The Zn0.9Cd0.1Ga0.02O sample has higher thermal conductivity than other samples especially at 
high temperature. The multi-doped samples have lower thermal conductivity than the 
Zn0.9Cd0.1Sc0.02O sample. The κL values are shown in Fig. 6.19 (b). The κL for Zn0.9Cd0.1Ga0.02O 
sample is notably lower than its total κ, suggesting a contribution from electronic thermal 
conductivity. The multi-doped samples still have lower lattice thermal conductivity than the 
other Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce) samples. 
 
Fig. 6.20 Temperature dependence of figure-of-merit, zT, for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples. 
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The zT values for Zn1-xCdxSc0.02O (x = 0 to 0.15) samples are shown in Fig. 6.20. The 
ZnSc0.02O sample without Cd obtained very low zT even lower than our previous results for the 
Al doped ZnO[56]. However, as Cd concentration increased, the Zn0.9Cd0.1Sc0.02O sample 
showed the highest zT in this group. The inset in Fig 6.20 shows the tendency of zT values at 
1173 K as Cd concentration changed from 0 to 0.15. The sample with Cd concentration higher 
than 0.1 generally suffered from deterioration of electrical transportation properties due to the 
phase separation thus resulted in lower zT. 
 
Fig. 6.21 Temperature dependence of figure-of-merit, zT, for Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples. 
Figure 6.21 show the zT vs. temperature when keeping the amount of Cd constant at 0.1 for 
the Zn0.9Cd0.1ScyO (y = 0.006 to 0.04) samples. The variation of Sc concentration in this range 
has relatively small impact on the zT values. All the samples in the group have a comparable zT 
values. Still, the Zn0.9Cd0.1Sc0.01O sample obtained the highest overall zT values and a zT value 
of 0.3 at 1173 K. 
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Fig. 6.22 Temperature dependence of figure-of-merit, zT, for Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce) and 
Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, Sn, Ce) samples. 
The zT values for Zn0.9Cd0.1A0.02O (A = Sc, Ga, Sn, Ce) and Zn0.9Cd0.1Sc0.01B0.02O (B = Mg, 
Sn, Ce) samples are shown in Fig. 6.22. The Sc doped samples showed superior zT values than 
the other samples in this group. The multi-doped samples didn’t obtain higher zT than the 
Zn0.9Cd0.1Sc0.02O sample, meaning that other and better dopants and concentrations for this 
system are still needed to be explored in the future 
 
Fig. 6.23 Comparing the zT of Zn0.9Cd0.1Sc0.01O to (a) our previous results on Al doped ZnO[7,56]. (b) Al 
doped ZnO from literature results[10,35,52,53]. 
A comparison of zT values in the current work and our previous results on Al-doped ZnO is 
shown in Fig. 6.23 (a). The new developed Zn0.9Cd0.1Sc0.01O has far superior zT values than Al 
doped ZnO all over the temperature range in despite of the absence of nanostructuring. Its zT 
value at ~300 K is over 1 order of magnitude higher than the nanostructured Al-doped ZnO. 
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Comparison between the zT of the Al-doped ZnO reported in the literature and the 
Zn0.9Cd0.1Sc0.01O is shown in Figure 6.23 (b). As seen from this figure, the Zn0.9Cd0.1Sc0.01O has 
so far one of the highest zT values among the Al-doped ZnO materials. This suggests that this 
material is a possible good candidate for improving the overall conversion efficiencies in 
thermoelectric module. 
6.3.3 Thermoelectric stability in air 
 
Fig. 6.24 Photographs of (a) a bulk pellet of Zn0.9Cd0.1Ga0.02O sintered in air, (b) a bulk pellet of 
Zn0.9Cd0.1Sc0.02O sintered in air, (c) a hexagonal segment cut from the pellet of Zn0.9Cd0.1Sc0.02O, (d) a 
bulk pellet of Zn0.98Al0.02O sintered by Spark Plasma Sintering in vacuum, (e) a hexagonal segment of 
ZnAl0.02O after annealing in air at 1073K for 72h, (f) a hexagonal segment of Zn0.9Cd0.1Sc0.02O after 
annealing in air at 1073K for 72h. 
The new Sc doped ZnCdO materials has not only the superior zT values than the state-of-the-
art Al-doped ZnO, but more importantly it is has much better long-term stability in air at high 
temperatures, where the current state-of-the-art e.g. Al-doped ZnO is not suitable. The 
degradation of Al-doped ZnO is mainly due to the recovering of oxygen vacancies and can be 
simply observed by the changes of the samples color. Fig. 6.24 shows the photographs of the 
new materials of Zn0.9Cd0.1Ga0.02O and Zn0.9Cd0.1Sc0.02O sintered in air (see Fig. 6.25 (a) and (b)). 
On the other hand the Zn0.98Al0.02O sample appeared dark colored after SPS in vacuum, but after 
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annealing in air at 1073 K for 72h, the segments turned light yellow, indicating a significant 
change in its electrical properties (see Fig. 6.25 (d) and (e)). In contrast, the Zn0.9Cd0.1Sc0.02O 
sample sintered in air remained its dark greenish color after annealing in air at 1073K for 72h 
(see Fig. 6.25 (c) and (f)).  
 
Fig. 6.25 Resistivity of Zn0.9Cd0.1Sc0.02O and ZnAl0.02O measured in air. 
To testify the thermal stability of the new material, a measurement of the resistivity in air was 
performed for the Zn0.9Cd0.1Sc0.02O and the Zn0.98Al0.02O samples. Fig. 6.25 shows the rather 
stable electrical resistivity of Zn0.9Cd0.1Sc0.02O sample compared with the unstable resistivity of 
Zn0.98Al0.02O sample when cycled in air up to 1073 K. The heating up and cooling down 
sequence took about 24 hours in total. 
 
Fig. 6.26 Time dependence of zT values, resistivity and Seebeck coefficient at 1173 K for 
Zn0.9Cd0.1Sc0.02O sample after annealing in air at 1073 K. 
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The long-term stability for Zn0.9Cd0.1Sc0.02O sample was tested by annealing the sample in air 
at 1073 K for a certain period of time and mounts it in ZEM-3 to measure the electrical 
properties. The lattice thermal conductivity changes are neglected in this case due to the fact that 
the sample was sintered in 1673 K. The time dependence of zT values, resistivity and Seebeck 
coefficient at 1173 K was recorded as shown in Fig.6.26. The zT degradation was ~ 2% after 100 
hours of annealing in air. 
6.4 Conclusions 
A systematic investigation was performed for the thermoelectric properties of a newly 
developed doped Zinc Cadmium Oxide materials (Zn1-xCdxAyO, A = Sc, Ga, Ce, Mg, Sn etc.). 
The Sc-doped ZnCdO with the composition Zn0.9Cd0.1Sc0.01O obtained the highest zT 0.3 
@1173 K, ~0.24 @1073 K, and a good average zT which is better than the nanostructured AZO 
materials. The superior zT values can be attributed to the alloying of CdO with ZnO and resulted 
in the significant reduction of lattice thermal conductivity. The electrical transport properties 
were maintained the same after alloying. Through careful selection of dopants and dopant 
concentrations, a large power factor of ~7.1×10
-4
 Wm
-1
K
-1
 was obtainable. Meanwhile, Sc-doped 
ZnCdO is robust in air at high temperatures up to 1073 K, and its thermoelectric performance 
maintains after multi heating and cooling cycles in air, while other n-type materials such as Al, 
Ga-doped ZnO or STO will experience rapid degradation on thermoelectric performances. 
Overall, the Sc-doped ZnCdO material is a new and promising n-type material with superior 
properties for high temperature thermoelectric applications.  
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Chapter 7 Conclusions and Outlooks 
7.1 The doping mechanisms and thermoelectric properties of Al-
doped ZnO 
Al has a limited solubility in ZnO of a value below 1 at%, and the formation of the secondary 
phase ZnAl2O4 is chemically favored from room temperature to a temperature above 1673 K. By 
using different phases such as α-Al2O3 and γ-Al2O3 as dopants for ZnO, the doping mechanism 
of Al into ZnO was investigated by examining the incorporation of Al into ZnO and the 
formation of ZnAl2O4 secondary phases. 
The ZnAl2O4 formation rate is kinetically controlled by a two-way solid state diffusion 
between the ZnO and the Al2O3. The formation of ZnAl2O4 is only caused by the diffusion of Zn 
to Al2O3, while the Al substitution for Zn results from the diffusion of Al into ZnO. The 
disordered structure of γ-Al2O3 may lead to the disordered product layers of ZnAl2O4. The Al 
and Zn ions can easier diffuse through the disordered product layer. It promotes both the 
formation of ZnAl2O4 and the substitutions of Al for Zn as donor impurities in ZnO. 
At a given calcinations temperature, the addition of γ-Al2O3 resulted in a larger fraction of 
the ZnAl2O4 formation in the Al-doped ZnO samples, which also inhibited the grain growth and 
slightly reduced the lattice thermal conductivity. The higher diffusion rate of Al observed for the 
γ-Al2O3 resulted in a larger unit cell volume shrinkage and higher electrical conductivity as 
compared with the α-Al2O3-doped ZnO. As a consequence, γ-Al2O3-doped ZnO exhibited a 
higher zT than the α-Al2O3-doped counterpart under the same preparation conditions with 
calcination temperatures lower than 1273 K. 
7.2 SPS densification mechanisms and thermoelectric properties of 
Al, Ga-dually doped ZnO 
The SPS densification for Al, Ga dually-doped ZnO was investigated. The simulation of self-
Joule-heating effect of the particles indicated that, the pulsed current applied to the sample result 
in rather high temperature increase near the particles contacts which strongly promoted the 
sintering of the particles.  
In this work, Al, Ga dually-doped ZnO was prepared by spark plasma sintering using 
different sintering profiles and resulted in different relative densities and phase equilibrium. A 
porous sample sintered at 1073K with low relative density ~89% showed the lowest zT value due 
to its poor electrical properties in spite of a low thermal conductivity. The dense samples on the 
other hand which is sintered above 1223K obtained much better zT values than the porous 
sample. The calculated results of solid-state-reaction completion rate suggested that the sintering 
temperature above 1223K would be preferable for the complete solid state reaction of the 
samples. It indicated that not only the relative density, but also the phase equilibrium were very 
important for realizing stable and decent thermoelectric properties. 
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7.3 Achieving Low Thermal Conductivity by Nanostructuring for 
Al-doped ZnO 
Nanostructured Al-doped ZnO nanostructured bulk samples were fabricated using precursors 
with different morphologies and SPS densification. The effect of different microstructure 
features, such as grain boundaries and secondary phases, on the thermoelectric properties of Al-
doped ZnO was investigated. The results showed that the grain boundaries were effective for 
scattering both phonons and electrons. The samples with anisotropic grain morphologies also 
exhibited anisotropic electrical and thermal transport properties.  
By using the Debye-Callaway model in combination with the experimental observations, the 
influence of grain boundaries and nanoprecipitates on the heat transport was investigated. The 
scattering of phonon spectrum turned out to be selective to the microstructure features depending 
on the length scales. The grain boundaries selectively depress the phonon spectrum at the low 
frequency region, while the nanoprecipitates with length scale of a few nanometers selectively 
depress the phonon spectrum at the intermediate and high frequency region. Thus the grain 
boundaries had limited effect on reducing the thermal conductivity at high temperatures. The 
reduction could otherwise achieved by using nanoprecipitates with length scale of a few 
nanometers. However, both the grain boundaries and nanoprecipitates had negative effect on the 
electrical properties. They both decrease the electrical conductivity by decreasing the carrier 
mobility.  
For a nanostructured Al-doped ZnO sample, the low thermal conductivity was successfully 
achieved by the combination of grain boundaries and nanoprecipitates. However, the zT values 
were very low at room temperature (~5.6×10
-4
 at 300 K). As carrier mobility increased with 
increasing temperature, higher zT values than the bulk samples were achieved only at high 
temperatures. 
7.4 Doped ZnCdO material as a promising substitution for 
conventional ZnO materials. 
The ZnO based n-type thermoelectric materials had excellent electrical transport properties 
among other n-type oxide materials, but the extremely high lattice thermal conductivity and poor 
thermoelectric stability at high temperatures are the major issues that hindered its real use in 
applications. Nanostructuring could reduce the thermal conductivity quite effectively, yet the 
deteriorated electrical conductivity cannot be avoided. Furthermore, the thermoelectric properties 
are very sensitive to the sintering and measuring atmospheres making this composition difficult 
to use. 
Doped ZnCdO material was developed in this work as a new n-type oxide thermoelectric 
material. The material is sintered in air in order to maintain the oxygen stoichiometry and avoid 
the stability issues. The successful alloying of CdO with ZnO at a molar ratio of 1:9 resulted in a 
significant reduction of thermal conductivity up to 7-fold at room temperature. By careful 
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selection of the dopants and dopant concentrations, a large power factor was obtainable. The 
optimized sample with the composition of Zn0.9Cd0.1Sc0.01O obtained the highest zT 0.3 @1173 
K and ~0.24 @1073K which are better values than the state-of-the-art n-type thermoelectric 
oxide materials. Meanwhile, Sc-doped ZnCdO is robust and stable in air at high temperatures, 
while other n-type materials such as Al, Ga-doped ZnO or STO still experience rapid 
degradation of their thermoelectric performances in air at high temperature. Overall, the Sc-
doped ZnCdO material is a new and promising n-type material with superior properties for high 
temperature thermoelectric applications. 
7.5 Outlook of the future work 
ZnO based thermoelectric materials exhibited excellent electrical properties compared with 
other n-type oxide materials. However its highest zT of ~0.3 at 1173K is still far from enough for 
real applications. Further improving zT may require not only nanostructuring, but also other 
strategies like alloying and band structure engineering.  
The new Sc-doped ZnCdO material is a product of oxide alloying strategy. It solves the 
problems of high thermal conductivity, low reliability, and deteriorated electrical conductivity by 
nanostructuring for conventional ZnO materials. However, the use of Cd is a risk for its toxicity 
issues. A risk assessment and a stricter high temperature long-term stability test should be 
performed. Meanwhile, the replacement of Cd for other elements should also be considered in 
the future.  
 Nevertheless, the knowledge obtained in the research for ZnO based oxide thermoelectric 
materials is also applicable to many other oxide or non-oxide systems. The constant exploring 
new materials as thermoelectric candidates is the key to better overall thermoelectric 
performances, and should never be put in a second place.  
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Appendix A 
The sintering setup, thermophysical and electrical parameters used in the modeling are listed 
below: 
d (sample diameter, m) = 1.8×10
-2
 
Ss (sample cross-sectional area, m
2
) = 2.54 ×10
-4
 
Sd (sample cross-sectional area, m
2
) = 7.63 ×10
-4
 
ρs1 (ZnO electrical resistivity, Ω m) = 5.08512×e
(-T/81.92166) 
+ 0.000237 
ρs2 (Zn0.96Al0.02Ga0.02O electrical resistivity, Ω m) = 2.46 ×10
-5
- 4.29×10
-8
T  + 1.05×10
-10
T
2
- 
9.48×10
-14
T
3 
+ 3.35×10
-17
T
4
 
ρd (graphite electrical resistivity, Ω m) = 21 - 3×10
-2
T  + 2×10
-5
T
2
- 6.4×10
-9
T
3 
+ 7.8×10
-13
T
4
 
Δt (current duration, ms) = 12 × 3.3 = 39.6 
CP,graphie (specific heat capacity at constant pressure of graphite, J/g.K) = 0.71 
CP,ZnO (specific heat capacity at constant pressure of ZnO, J/g.K) = 0.6181 
ρm graphie (mass density of graphite, g/m
3
) = 2.1× 10
6
 
ρm ZnO (mass density of ZnO, g/m
3
) = 5.61 × 10
6
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Appendix B 
 
Figure S1. The powder X-ray diffraction pattern of the precursors with different morphologies.  
 
 
Figure S2. STEM-EDS mapping of the nanoparticles synthesized by forced-hydrolysis method. 
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Figure S3. EDS point analysis of the secondary phases dispersed on the fractured surface of (a) Platelet(⊥p) 
surface, (b) Platelet(║ p) surface, (c) Rod(⊥p) surface, (d) Rod(║ p) surface, and (e) Nanoparticle. 
 
 
Figure S4. Temperature dependence of thermal diffusivity of the sintered samples measured by LFA. 
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Figure S5. Temperature denpendence of the specific heat at constant pressure measured by DSC. 
 
Calculations of The lower limit of thermal conductivity κmin 
The lower limit of thermal conductivity min for Zn0.98Al0.02O was calculated by taking the 
high-temperature limit of the thermal conductivity calculated by Cahill et al[106] for amorphous 
material with an average volume per atom given by V.  
         
 
 
 
 
 
 
 
 
   
 
 
              (1) 
where kB is Boltzmann constant, vt and vl are transverse and longitudinal speed of sound. From 
the speed of sound measurements, vt here equals 2750 m·s
-1
, and vl equals 5940 m·s
-1
. Thus the 
min was calculated to be 1.22 W·m
-1
·K
-1
 as shown in Figure 8 in the main article. 
 
Calculations of The lattice thermal conductivity κL 
The lattice thermal conductivity is calculated using Debye-Callaway model [105,117]
 
as 
follows:      
  
    
 
   
 
    
   
   
       
 
  
 
   
  
  
  
    
       
 
  
 
   
 
 
 
  
   
  
  
 
   
   
       
 
  
 
  
   
 (2) 
where kB is Boltzmann constant, v is the speed of sound, ħ is reduced Planck’s constant, x is the 
normalized frequency ħω/kBT, T is the absolute temperature, θ is the Debye temperature of 
Zn0.98Al0.02O. τc is the combine relaxation time using Matthiessen’s rule as follows: 
      
      
     
     
     
      (3) 
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where τc is composed of point defect scattering τpd, normal phonon-phonon scattering τN, 
boundary scattering τB, and nano-particle scattering τD. The relaxation time for these scattering 
mechanisms is calculated from the following relations:  
       
                  (4) 
      
                   (5) 
      
             (6) 
where A, B, α and β are scattering strength related parameters, ω is phonon frequency, L is the 
average grain size values. According to Majumdar’s heat transfer theory[107,108], when the 
particle size is small enough, the scattering cross section obeys Rayleigh law, which varies as 
frequency to the fourth power. Thus the relaxation time for nanoparticle scattering, τD, should be 
calculated as:    
              
                                    
          (7) 
where η is concentration (m-3). d is the mean nano-particle size. As the size of nano-particle 
increases, the scattering cross section is near geometric and phonon frequency independent, 
which is σ(geometric) ~ π(d/2)
2
 . Thus the relaxation time for nanoparticle scattering, τD, should be 
calculated as:    
                 
                   (8) 
The values used for the calculations are listed in the following Table S1. 
Table S1 An overview of the parameters used in Callaway calculations 
Calculation #1 #2 #3 #4 #5 
Sample Rod (⊥p) Rod ( ║p) Plate (⊥p) Plate ( ║p) Nano 
θ/K 400 400 400 400 400 
v/ms
-1
 3097 3097 3097 3097 3097 
α/K-4s-1 420 420 400 400 100 
β/K-5s-1 0.015 0.015 0.015 0.015 0.015 
L/m 1× 10-5 2× 10-6 6× 10-7 1.5× 10-7 4× 10-7 
η(geometric)/m
-3
 1.2× 1017 1.2× 1017 1× 1019 1× 1019  
d(geometric)/m 3× 10
-7 3× 10-7 3× 10-8 3× 10-8  
η(Rayleigh)/m
-3
     1.4× 1020 
d(Rayleigh)/m     1× 10
-8 
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